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INLRODUCTION 


In the 121 million square miles of deep salt water comprising the 
Paearic, Atlantic and Indian Oceans lie thousands of small isolated 
islands. The total dry land area of these islands is almost insignif- 
fHeant, probably less than one-tenth of one per cent of the ocean area 
in which they exist, yet they have been of immense importance to man in 
ais Be cuests of the lands beyond the horizon. Of the many hopes that 
wmenoceanic island represented to the mariner of old, none was more 
Peimary, Or probably more preyed for, than the finding of whetene called 
“sweet water.’ Tne search for fresh water on the oceanic island has 
Beesenved &n interesting and sometimes final challenge to men for many 
Pemuurm1es. today, because of the availability of direct sea water con- 
ieeeron Cecinigues, the need to find fresh water in a naturally occurring 
state is generally less urgent; however, it is still of significant 
importance, and is certainly no less interesting. 

The occurrence of fresn water on the small oceanic island depends 
eect pally on the geologic, geomorphic, and climatic characteristics of 
the island. Islands may be mountains rising into the clouds, or low 
flat lendmasses barely emerging above the sea; they may support a rain 
POrest or & desert, or even both on the same island; they may be unbearably 
cold or uncomfortaoly hot, even with the moderation OF temperature caerac-— 
teristic of their oceanic situation; and they may be almost continuously 
Shrouded with fog or perpetually Davlied in sunshine. “Tne Gxactenvdrolocivean 
nature of each island is a unique determination by many netural controls 


and influences. 
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The term "small" island is defined to include those islands 
generally less than 500 square miles in area. Excluded then, are the 
large islands er as Iceland and Hawaii which are truly oceanic, but 
which are hydrologically similar to continental situations. "Oceanic" 
islands are considered those which rise from the deep ocean floor inde- 
pendent of the continents. The islands analyzed herein are those which 
are generally free from continental influences of both geology and 
Climate. These oceanic islands are the andesite volcanic islands of the 
festoon of the circum-Pacific "ring of fire" and the island are of the 
Lesser Antilles in the Carribean, and the besalt volcanic islands of the 
mue-Ocean ridges Or swells. In some instances, where Of value in gain- 
ing better understanding of the oceanic island situation, non-oceanic is- 
lands are discussed in part on specific points, ae it is not intended to 
cover such islands in a complete discussion. 

As Le Grand (1952) has pointed out, hydrogeologic situations are 
usually someplace in between two extremes: 


1. that eacn situation is completely different requiring a 
special study to develop a solution. 


2. that all situations are the same eliminating the need for 
future Study after the first solution. 


ie is readily apparent that in actuality the solution to the situation 

will require both vast knowledge and new study in some combination. A 
reasonable approach is the use of anelog expression, the development of 

a generalized hypothetical condition to which specific field conditions 

may oe relaled.— ouch analogies ere limited in providing Specivic solucionse 


but they serve as guides to future wors and give understanding to the basic 
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problem and hydrologic setting. With this purpose intended, the latter 


part of this paper represents a consolidation of available pertinent in- 


formation into several generalized type situations. The information 


utilized generally is tnat of published literature supported in part by 


direct correspondence with concerned parties at island locations. 


In order to provide a basic understanding of the subject material, 


and achieve the stated purpose, the discussion which follows is by 


sections in sequence as indicated below: 


a. 


6. 


Geologic/geomorphic origin and nature of oceanic islands. 
Ciimatic ieatures or the Oceanic environmen. 


Vegetation of oceanic islands in terms of distribution 
and influence on the occurrence of fresh water. 


Fresh water-sea water relationship as a phenomena of 
special importance in the small oceanic island. 


Generalized hypothetical model. descriptions of the occur- 
rence and primary utilizstion of fresh water on each of 
several basic island types. As a part of this section 
geseripulens Of the hydrological features of Specific real 
islands representing each type are provided. 


Conclusions and recommendations for further study. 


The first four of these sections are devoted to the principal factors 


which determine the hydrologic nature of the island. Section five inter- 


femetes these factors to the specific hydrologic situation of each type 


island. 





GEOLOGY OF OCEANIC ISLANDS 


General Nature and Origin 


Oceanic islands rise directly from the deep ocean floor as opposed 
to continental islands which may be emerged portions of a continental 
landmass or be developed on a continental basement. The primary mecha- 
nism of emergence of the parent landmasses of oceanic islands has been 
volcanism. Volcanic action has pushed tremendous quantities of rock 
from the ocean deep through some 12,000 to 18,000 feet of water to emerge 
moore sea level. In addition to CitCrmtNesslucerlol clevarion Of ssuem 
a mountain island may be many thousands of feet. One of the finest and 
best known examples of this is the Island of Hawaii where snow capped 
Mauna Kea and Mauna Loa mountains stand respectively 13,784 feet and 
13,679 feet above sea level rising from an ocean depth of over 15,000 
feet (Putnam 196}). 

An important geologic charactcristic of deep ocean basins is that 
Maeesaclic Or granitic rock layer found on continents is generally missing. 
instead, the ocean floor seems to be made of tne darker, neaviler,. Simacic 
rock which underlies the sial layer on continents. Overlying the ocean 
muoer 1G 2 Covering of ceep see sediments several thousand feet thick. 
Peegrdingly, one Oo: the features most indicative of oceanic island volcanic 
rock formations is the lack of sialic magme derivatives (Leet and Judson 
1958), and predominance of the andesitic and basaltic types. The origin 
and characteristics of the oceanic coral atoll or limestone island will 


be discussed in detail later. 
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The islands considered herein may emerge from the more central parts 
of the oceans, the deep basins; or they may rise from the periphery of 
those basins in long swecping island arcs. The mid-oceanic islands, such 
as the Hawaiian Islands, the Line Islands, the Marshall Islands, Samoa 
Islands, and Marquesas Islands, all of the Pacific, and the Azores and 
Tristan da Cunha Islands of the Atlantic rise in grouvs from swells or 
ridges. This type of island with its dominant basaltic rocks, is sepa- 
rated from the landward more acidic rocks by an “andesite line” in the 
Pacific Ocean according to Hamilton (1956). The andesite line runs from 
the Aleutian Islands of the North Pacific to the Japanese Arcnipelego, the 
fPamrana islands, the Palau Islands, the Bismarck Archipelago, then south, 
TUpMang east of New Zealand via the Fiji and Tonga Island groups (Plate I). 
On the east side of the Pacific the "andesite line" runs along the con- 
fedenmtal margins of the Americas, west of the California islands. Such 
® geologic division has not been made in the Atlantic; however, it appears 
that the rocks of the central islands of the Atlantic are predominantly 
basaltic, while the few examples of circumbasin islands, such as the Lesser 
Antilles are predominantly andesitic. In fact basaltic rock is found on 
Miemrclantic Ridge itself, and it looks as if the ridge is a pressed-up 
part of the basaltic substratwa of the Atlantic Ocean floor (DeSitter 1955). 
In all the oceanic islands metamorphic and sedimentary rocks, common con- 
ieeeenlal occurrences, are rare. 

One of the most conspicuous features in the structural pattern of 
the circumbasin islands is the occurrence of the island are configuration. 


Tnese arcs seen to lie almost exactly on the border of the continental sial 
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crust and the mid-ocean sima crust, just inside the andesite line separa- 
mine tne basaltic islands from the andesitvic islands as shown in Plate 7: 
The island arcs are chiefly of undesitic rock. The orientation of each 
arc is with convex side facing the open ocean as well.-jemonstrated by the 
Plentcien and Marianas arcs of the Pacific and the Lesser Antilles are of 
the Atlantic (Carribean). A deep oceanic depression invariably accompanies 
the arc on their convex or oce@n side. Large gravity anomalies, volcanism, 
Emcegreat seismic activity are present in island are regions. 

One of the best substantiated theories of arc development is that 
tne volcanic belt is caused by a thrust movement of a marginal geanticline 
aieene COnNCinent over the ocean floor with a dip of about 50° toward the 


continent as illustrated in Figure 1 (DeSitter 1956). 
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Extrusion of magna toox vlace through the fractured sial layer of the up- 


thrust crust according to the theory. 





Island Stability and Durability 


Mie veleanse oceanic iStand 1s a relatively unstable structure sone 
is, by comparison with most continental features, rapidly changing. From 
the island's first emergence the ocean begins to tear it away again; con- 
emrrently climatic elements begin their attack. Additionally, structural 
instability may cause the island to rise or sink, seismic activity may 
@-use extensive faulting, and renewed volcanic action may destroy, eiiace, 
@eeoda tO the island. The more indirect features of the ocean, etstatic 
change of sea level and the growth of reef coral may also play important 
Memes in toe physical. features Of, and duration of the oceanic island. 

Around all except the most recent oceanic islands is found a sub- 
marine bench or shelf; in some locations this shelf alone may remain as 
the final result of planation by oceanic and climatic erosional forces. 
These shelves may in many instances represent ea more complicated history 
eaaesimple planation, but it is apparent thal an island which remains 
stable for a relatively Longs period of time will in the end be eroded close 
to sea level. Eeacn materials act as abrasives; without this, wave action 
Sumnard rock materie) is relatively ineffective. Tne notch frequently 
seen at the base of a sea cliff is tne marx of the sea cutting into the 
island, but does not usually develop where the cliff falls into deep 
weter thus prohibiting the accumulation of abrasive material (Russell 1953). 

Phen ah istend 1s hign, climatic factors play an increasingly gpreaces 
Part in the reduction of the island. Most oceanic islands over 2000 feet 
high induce a large emount of rainfall (frequently greater than 70 inches 


per year) at their swamits; this feature, combined with rapid decomposition 


ean ee we oe 





9 
of hard rock to friable soil in the hunid atmosphere readily erodes and 
feansports tne high level material to the sea. 

Hovement of tne island after development, or movement of sea 
relative to the island, is frequently evident from the existence Of 
physiographic features inconsistent with the present sea level. Sore 
of these features such as the elevated shorelines (marine terraces) of 
sen Clemente Island and the coral reef remnants of Guam, in both instances 
lying well over a thousand feet above sea level, are too great to be 
accounted for by probable eustatic sea level chance during the Pleistocene, 
but must be evidence of great uplift of the landmass. Other islands, such 
as Antigua in the Lesser Antilles, display obvious tilting as indicated 
by the dip of strata originally laid level (Davis 1925). Stearns (19/5) 
states that a great subsidence of the Pacific Pasin of as much as 10, 000 
feet took place in late Pliocene or early Pleistocene time. While this 
amount at that period remains to be fully proven, the finding of guyots, 
essumed to be truncated submerged islands, and seamounts (which may be 
submerged peek islands) some 3000 to 6000 feet beneath the sea indicates 
thet great subsidence has taken place in the past. Fossil coral has deen 
found on some guyots indicating submercence in the Cretaceous Period, 
over (O million years ago (Putnam 1954). Davis (192k) states thet a res 
vailing feature of volcanic islands is that whey are unstable, and ex- 
hibit a decided tendency to subsidence. 

Current volcanic activity is directly observable on many oceanic 
islands. Tnis activity may range fron the existence of the numerous 
thermal springs of San Miguel in the Azores to the spectacular "quiet" 


leva flows of Hawaii. The results of this volcanic activity may be the 





10 
covering of old eroded surfaces by new volcanic products of lave, pyro- 
clastics, or ash deposits. Heavy asn fell may significantly affect other 
islands in the proximity as it has frequently in the Aleutian Islands 
(Fraser and Snyder 1959). Probebdly the most dramatic complete destruc- 
tion of an island by its own activity in recent times was when the 2600 


meee nigh Island of Krakatoa in the Hast Indie 


o 


disappeared in 1833. 
mieer the incredible violence had subsided, the mountein island was com- 
piece! y gone and a 1COO foot deep submarine caldera existed in its place 
(Putnam 1964). 

On a world-wide basis pernaps the poet Significant morphological 
eifect of all on oceanic islands has been the fluctuation of sea level 


PoemeOo Fie} Stocene glaciation. “Bustatic fluctuation of sea level by 


® 


glacial control, first recognized in 1842, is an accepted theory. The 


e 


Seer Citlficuity is reducing the fluctuations to a quantitetive basis 
Past glaciation has been both greater and lesser than that today. Deduc- 


wions from the calculated ice volume at a glacial maxima incicate that 


J 


the sea level could nave stocd from 300 to 480 feet vdelov its present sea 


jevel. During warm interglacial periods glacial melt water probably 
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seeee cca levelvat least 25 feet higher than the present. If all 
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and 2cO feet (Flint 1957). Evidence is overwhelninsly in favor of e 
Seneral rise of sea level extending from about 20,000 years to 3C00 years 
ago (Shepard 1953). Contensorary rise of sea level as observed along the 
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and AD 1620 (Flint 1957). Putnam (1964) cites the apparent rise since 
1890 AD as 4-3/h inches per century. Embayed coastlines end drowned 
yalleys are a common, but significant, result of the rise of sca level 
Mmmrecent times. It is of importence to note that there were at least 
four major glaciations during the approximately 1,000,000 years of the 
Pleistocene with the last reaching a maximum as recently as 13,000 years 
Me@e.) sich each glacial cycle there were very significant eusvatic sea 


evel changes. 

In those regions ectuelly overridden by the several thousand feet 
Seer acial ice, postglacial uplift of land is taking place. The great 
Memmi OL the ice mass, as much as 100 Gons per square foot, depressed 
Biemeonpressed tne land on which it lay. With the recession of the ice, 
this overburden melted awey, and rebound began. Uvolifted wave-cut 
features in Scandinavia show that tne central part of the peninsula hes 
risen 800 feet or more since the glacial ice receded. The land rise is 
Still continuing at the rate of about three feet ver nundred years at the 
head of the Baltic Sea (Putnam 1964). Postglacial rebound of about 700 
feet we Meenereported Or the Canndian Arctic ielands in tGnespast (500 


wemeeco years (Shepard 1953). 


One of tne most challenging and intriguing geological questions of 
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structure composed basically of coral reef, broxen reef rock, end coral 
Bed: it rises abruptly from the ocean depths and typically encloses a 
shellow lagoon in its center as shown on Plate II. The outer wave-washed 
yim of the atoll hes a configuration which is frequently anpuler or 
mmiovical. The entire atoll may be awasl: or Shar ae with no dry land, 
or may be raised to a height such that the lagoon basin is dry (Fosberg 
and Sachet 1953). Low islands of coral and sand are formed or destroyed 
on the atoll rim when Storm waves piie uv reef frapments above sea level. 

Tnere are at least 330 atolls in the world with only about 10 lying 
outside the Indo-Pacific tropical area. Among these exceptions are liidway 
Maecie Central Pacific, tne Dry Tortugas (west of Key West Florida) and 
Hogsty Reef in the Bahamas (Shepard 1953). The largest emergent atoll is 
fmeplein in the Marshall Islands Of tne South Pacific eultis fount ies 
long end as much as 15 miles across; most atolls are much smaller (Putnam 
1964). According to Gardiner (1931) the term atoll is derived from the 
language of the Maldive Islands in tne Indian Ocean. Each governmental 
district in the iialdive Island group is termed an atolu; each atolu 
province Doin 29 rine OL COragle islands Surrounding @ greatycencral laccong 
Secon. ipuration now called universally an atoll. 

the unique feature of atolls which provided the barrier to a reedy 
solution to the auestion of origin is thet the foundation on waich the 
eOrel prows is not exposed. Tne seme reef corals may grow also as a 
ianeams see. directly On an island as on Raratonga Island, or es 4 
Darrier reef offshore enciosing:a lagoon between the reef and interior 
voleanic island({s) as at Pruk (Wiens 1952). The relation of these occur- 
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Peolained, nowever. Since 1621, ten principal theories have been offered 
perecuhne formation of atolls, the most famous beins Charles Darwin's 
"subsidence theory” published in 1842. Darwin's theory is not only the 
one which, in the light of the most recent scientific information, seems 
iomoe mOSt penerally correct, but is alll the more remarkable since he 
developed it with limited scientific observation as a young man of 
twenty-two (Fosberg and Sachet 1953). The most serious deficiency or 
ian Ss Original theory is its feilure to recognize the profound in- 
meenee of placiacvion on tne level of the sea. 

Before proceeding with wnat seems today to be the most plausible 
Swranacion of the occurrence of coral reefs and atolls, tne several 
generally accepted facts as stated in vart by Stearns (1946) will be 
given. 

1. Reef duilding corals thrive only at moderate depths 
(usually less than 200 feet) in warm (between 77° and 
86°F) clear water of normal selinity (between 27 and 
33 parts per thousand). The limits of the present 
growth of reer coral is shown on Plete III. 

CymecerCortous 2lpec dives in a Symblotic Pelavionsnip wien 
wne coral and contrioutes a herd dureble binder to tne 


reef structure. 


Ore Con eVeas Was in tnesorder 6; 300 Tee. (lower during 
Oe vevesdser ACL elegteces Ont ae Fleiss lee 1c. 

+, Corel atolls probably rest ultimately on basements of 
non-coraliferous rock as demonstrated by 


a. basenent rock basalt encountered at Iniwetok 
Atoll in tvo holes at depths of 4158 and 4510 
feet; 


b. basement rock basalt found at sermucda at denth 
OL SoO Tfece,% 


Ses sedrrier and irimging reers may bulla on a gpenely sidping 
Sel Or ny Gri gin. 
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16 
6. Coral reefs may grow upwards as rapidly as 114 feet /1000 
years for corals of the reef margins and 57 feet/1000 
years for those of the lagoons (Shepard 1953). 


{. Rapid submergence or emergence may kill a coral reef. 


5. Coral reefs grow more rapidly in the vigorous action of 
the breaker zone. 


9. Lagoon depths range down to 300 feet, but génerally aver- 
are about 150 feet (Shepard 1953). The largerlagoons 
are gencrally deeper than the smaller ones (Wiens 1962). 

The evidence obtained to date strongly supports Terwin's original 
theory of atoll formation postulated in 1842 as a result of his voyages 
Sache H.M.S. Beagle. While it is most probeble that no single theory 
can account for all the existing atolls, it seems lixely tnal most atolls 
ememene result of coral prowth maintaining itselr on tne surface of a 
subsiding platform. The SEA Laeite conn may be either . peaked volcanic 
island wnose fringing coral reefs overgrew it as it sank, as shown on 
Pleoe LY, or a truncated island which sank slowly cnough that coral growth 
Gemea ~.ecp pace. Guyots and possibly seamounts (if submerged peek islands) 
Geaemecnieyvally understood to be similar to the atoll foundations. But in 
iiemecse OL fuyYOLS and seamounts, «which lie many thousands of feet below 


Weemeea, coral frowth could not occur ravidly enough to prevent killing 


© 


es 


beeeeeD Suomergence, or possibly could not occur at ali under the water 
and climate conditions existing. Limited coral remnants have been found 
emescome puyots. 

The glacial-controlled fluctuations of the oceans undoubtedly 
pereatly arfected the mols and reers Of the Pleistocene kpocn. “During 


the glacial mexima the sea level dropped some 300 to 400 feet, allowing 


tne atolls to emerse as relatively nigh coral islands (see Plate ve 
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Weathered coral rock, now submerged, contains pollen and land snails 
indicative of islands hundreds of feet high (Shepard 1963). Tne corel 
which emerged was killed. It was rapidly eroded and was taken into 
Polucvion by rain water; in some cases prcebably reducing the coral falane 
to near sea level. Subsequent rise of the water allowed regrowtn of the i 
coral, and the process of growth on a slowly, but coneanucusty subsid- fi 
ing platform was resumed to produce the low-lying coral atolls of today. 
aie Bor lagoon is considered the result of more rapid srowth of the 
perimeter coral than the lagoon coral. The current depth indicates both 
the disparity of growth since the last glacial maxima and the failure of 
detritus washed into the lagoon by wave action to fill it up. The 
Hagoons in many cases appear to be filling wnich may indicate that sub- 
sidence has slowed sufficiently for the growth of coral. in lagoons to 
catch up with the growth of coral on the veripneral reef. 

Davis (1926) makes an important distinction between the coral 
reefs of the "true coral seas and those on the margins of the coral seas. 


mecarding to Davis, in true coral seas of the Western Pacific tne origi- 
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n@l coral colonies never stooped growing even though those corals thet 


Peeered were destroyed; the veteran reefs of these warm waters are direc 
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SeeecessOrs Of ancient ancestors. On the other hand the corals of moarsin 


Beeo were O11 killed by the cooled ocean of the Pleistocene; une present 
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Similar to the eastern 30CO miles of the Pucific Ocean. In both cases tana 
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northern and southern cool seas unite across the torrid zone, but in 
the Pacific another 5000 miles of equatorial breadth allow the waters to 
be wermed enouch for corel growth, permitting a vast expanse of true 
coral seas. In the Atlantic the cool water occuples almost the entire 
equatoricl width of the ocean; only in the northwestern extension of the 
eanecorial waters in the Cerribean (Cuba) are the eer semee enouga for 
Mmeeorous reef growth. Through the Lesser Antilles and iets lone ert 
east loop to Eermuda a marginal belt of coral growth exists. The marginal 
belts of the coral seas as described by Davis (1926) are shown on Plate 
a 

Davis (1926) provides e very excellent discussion of the physio- 
graphic nature and origin of islands. Of the several points he makes, 
Meemmose Sifniiicant is tnat coral reefs protect tne island they enclose 
from sea erosion. Consequently islends outside the coral seas are 
strongly cliffed by the sea, (such as St. Helena in the mid-Atlantic), 
while reef-encircled islands, (such as the Truk Islands of the Western 
Pacific), display very little evidence of wave cutting. There, erosion 
by subaerial processes predominates over marine crosion in producing the 


Sii@meline characteristics of islands of the coral seas. 


Beach rock 


Been roc, Occurs: Ground many 2stands of Che AtUianyic, Fracitic, 
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end Indian Oceans end may be of considerable hydrological significance 
Because it tends to form a seca water barricr. It is practically re- 
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Stricted to tne intertidal zone and is composed oi the basic beach 
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material cemented together by calcium carbonate. Beach rock may form 
G@iscontinuously, but on Kwajalein Island it is of very recent origin 
incorporating such wartime debris as snell cases and a Coca Cola bottle. 

The exact process by which beach rock is formed is not known. It 
is probably a result of the reduced ability of outflowing fresh water, 
@s it becomes saline at the beach line, to hold as much calcium carbon- 
ate in solution as it could before (Fosberg and Sachet 1953). 

The upper limit of cementation is set by the water table; the rock 
moc epoears truncated because the water table is flatter than the beach 
eee and stratirication. Beach rock is thickest wnere the water table 
fluctuates most conspicuously. When recession occurs the exposed beach 
mee may be nign, because the water table was high. Ancient beds may 
Gytsc several feet above present high tide. Since the beach rock is 
underlain with unconsolidated material, it may not be found where formed 
(Russell 1953). When first formed beach rock is soft, but exposure to 


the air tends to harden it (U.S. Army 1956). 


Phosphate Rock 


A peculiar rock formetion related uniquely to the total ecological 
eee Of en etoll island is foWnd in the interior of some smell oceanic 
Pebanos. Hydrologically this rock formation is important because it may 
percn a water table or greatly impair downward percolation of ground 
creel. 
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tremendous bird rookeries. The bird droppings (guano) ere acidified by 
the humus as they are washed through it, and the calcium phosphate con- 
Gained is dissolved. ‘When it reaches the coral rocx and sand below, the 
Soimci1on becomes alxaline and the calcium phosphate precipitates out, 
merenving the loose calcareous material together. In addition the 
Meosobnacve will tend to replace the carbonate radical. Thus a cemented 
[Meer OL phospnavic rock, 2 hard pan, is ceveloped. 

On very wet islands neither guano nor pnosphatic rock is apt to 
@eeur. thus islands with dry clinates (from cool marine currents) and 
Peele plankton life in the surrounding water favor large bird populations, 
end the preservation of guano. Although for tnis reason currently guano 
is produced primarily on dry islands, phospnate rock is found many times 


on wet islands; these deposits appear to have ancient origin (Wiens 1962). 


Geoglogical Sketches of Island Groups 


Lastly, with a view toward giving a brief intoduction into the 
Seeeiiic Cilaructeristics oF oceanic islands, seolosgical sxetvcnes oi 


selected island grouns will be given. 


ioe AVeutian Islands 
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Uae Aleutian islands stretch in a lone curving are trom tne viagra 


to 


mainland for 9CO miles almost to the Kamchatka Peninsula on tne Asian 


eeeeeO. the North Pacific Ocean as shown on Fieure 2. 
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Pigure 2.8 Ine Aleutian tebandc 


The Aleutian chain includes 14 large and about 55 small islands 
in eddition to innwrerable rocks and islets lying between latitudes 51° 
and 55° mortn., Unree Ofetne isleunds, all av Une ¢iscea- Cudsarcelai7er 
mee OO square miles in varea. ~Yhe largest island is Unimak wnicn also 
has tne largest mountain, Mount Snisheldin, an active volcano rising to 
Mewpnt of 9,307 feet. .Most or the islands, particularly the large ones, 
Pees ugeed and mountainous. The shore lines are irregular cna deeply 
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indented with towering rocky cliffs rising aoruptiy Prom the sea. Sone 
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E the smaller islands and one large island, Amcnitsee, are more reguler 
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aa 
covered with volcanic ash. 

Tne islands are mainly of eyolcanic een end contain numerous 
active or recently active volcanoes; they are zones of intense seismic 
activity. Tnirty to forty active volcanoes exist, the lergest being 
Mount Shishaldin on Unnak (Freidey 1945). Some seventeen calderas, large 
Peivansed craters over one milewide, have been rétopnized, the largest 
being a caldera measuring 10 x 11 miles on Umnak Island (Eardley 1962). 
Mine wmost recent birth of an island oy volcanism in the Aleutians is that 
of Bogoslof, "The Voice of God," which first emerged some 22 miles north 


” 


of Ummax in 1/96. Since the first violent eruptions, continuous volcanic 
activity and erosion have changed the topography repeatedly and drastic- 
meey. Lightening and thunder, rare in the Aleutians, but often associated 
Ween €ruptions, are frequently seen in the cloud of vapor, smoke and ash 
rising from Bogoslof (Morgan 197). 

Tues southern paru oc: Kiska end the mearby islands of Aucu, Agari 
MeomGre semichis at the west end of the Aleutians leck the young strato- 
Memeeioes characteristic or the central and eastern islands (Fardley Goats 


the rocks have been found to become younger from southeast to northeast. 


Tne older volcanics of the arc seem to include both shield volcanoes, 
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ieeecvcrived by many relatively thin flows, with a@ small provortion of 
. 2 ee O 
fracmental material, accumulated on slopes of low declivity (about 10 Pe 
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and stratovoicanoes or composite cones, the slopes of wnich approach the 
* ee L : ¢ . + a? c : ie 
angle of repose of the. fragmental material (about 30°). ‘he major active 


Merecanocs Of the arc are without exception composite cones. The ere of 


the arc as we see it today is Cenozoic (within past 7O million years) in 
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age, but fossils found in the older underlying volcanics show aspects 
in its evolution es old as Paleozoic (at least 200 million years ago) 
(Eardley 1962). 

Basic bedrock units are aendesitic to basaltic in composition. 
fresh rock types may occur in layers of lava flow, breccia, cinders, 
tuff and ash of varying gradation. Commonly an ash mantle of recent. 
origin covers the islands. On Adak this mantle is es much as 7-1/2 
feet thick and grain size varies from coarse to fine (Crandall 1963, 
Coats 1956). In addition to these basic materials, granites, diorites, 
mmamouler acidic rocks nave intruaed into the older formations. tardley 
(1952) believes that these continental types can be attributed to 
feeculonal crystallization because of the difficulty of explaining a 
Senvinental oripin. Sendstones ana shales of Tertiary origin occur spo- 


radically in the Aleutians (Collins et al., 1945). 


The Mariana Islands 


The Mariana Islands form a chain extending in 4 north-south 
direction for a distance of about 600 miles along the western edge of 
the Pacific Basin. Lying between letitude ee" vO 29°33! North and 
Longitude 144°39' and 146°05' Kast are fourteen single islands and one 
Group ot three small islands as showm on Figure 3. The total land area 
Of tnis mountainous island are is about 393 souere miles with over half 
that area made up by the ar ane southernmost island, Guem (Britannica 
195!) . 
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Tne islands are tne exposed crests of mountains on the castern 
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border of the long arcuate submarine ridges separating the basins of the 


Philippine Sea and the Pacific Ocean. 
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The foredeep of the Mariena island 


arc contains the deepest cepth yet 
measured, 35,800 feet in the Nero Deep 
southeast of Guam. The Mariana Ridge 
appears to have two longitudinal crests 
which are concentric and strongly con- 
vex to the east. Like most mountain 
Cresco. Boum are discon nuOucwanG 
irregular. The southern Nariana Is- 
lands lie on the eastern crest; the 
northern Mariana Islands on the western 
CrestGoruineet ci mlo sine 

Tne nortnern Marianas are smell 
islands compared to the southern group, 
but they are generally hisher and have 
much more rugged relief. The maximum 


elevation of the Marianes is 3,136 feet 
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from the flood flows of torrential reins; most rainfall produces little 
surface runofr on the unweathered volcanics. Hot springs, sulfur de- 
posits and steam vents are frequent, and volcanic phenomena in the form 
mec ire fountains, ash falls and fluid basalt flows have occurred witain 
this century on Pagan (Corwin et al., 1957). 

The southern islands commonly are veneered with limestone deposits 
even on tne highest peaks. Deep lateritic weathering, uplifted reef 
limestones and wide fringing reefs tyvify the southern islands such as 
Guem and Saipan. Terracing from higher sea levels on the greatly eroded 
Goemraultedsiills is common. Tne Limestone deposits aré m@ny hundreds of 
feet thick in some instances indicating a long continuous subsidence after 
volcanism ceased. Both steev cliffs and drowned valleys are to be found 
mem. ce coastlines. Typically the islands of the southern merianas 
show two strongly contrasting drainage types--the limestone surfaces where 
Mieerodiniall quickly disappears into sinks and crevices without any sur- 
face drainage, and the volcanic surfaces with well-developed surface 
drainage features, including permanent streams. 

POlUCIONMIsS opvioUS as a dominant @ecomorohic vrocess in tne 
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demestone regions. Tne degree of solution is indicated by the existence 
Gemeeramcart formation that borders tne outer edse of Limestone plateaus 
or terraces. On Saipan these feutures stance irom Gix to ten ieec above 

eee fencral terrace evel and for. O8 mMecureal rernert. Onslinian> bemaa 
meeetemnparts aré solution pinnecles, tne remnants of the original straga 
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the inner, and usally slightly lower, surface; the rainwater drains in- 
ward and downward rather than over the cliff. Furthermore exposure of 
Goral limestone to air @s in a cliffline results in its hardening and 
becoming more resistant to erosion, wnile the wcid conditions of the 
vejetated innerland fosters even greater solubility there (U.S. Army 
1956). 

Tne igneous rocks are predominantly andesitic, although the old- 
faeerocns On saipan are rhyolite flows, agglomerate and pumice; however, 
feeeast ten times es mucn andesitic lava, agglomerate and andesitic 
tuffs exist (Cole and Bridge 1953). On Guam consolidated outpourings of 
darx andesitic lava, lithified dust, ash and blocks occur. Tne bulk of 
the pyroclastically-derived materials was water-laid. Wany of tne lavas 
Meeway 2 Dillow structure indicaving that ther too commonly came to rest 
Cenov water, Or were the products of submarine eruption (Cloud 1951). 

ferts believedechnat volcanism in the southern islands ceased early 
in tne Miocene epoch (approximately 11-26 million years ago) or possibly 
cefore. Subsequently mejor structural features were produced by norma ad 
feulving, tne latest movements occurring in lete Pleistocene or even 
Peeent epocns. Tne structure of the soutnern isicnds is quite complex 
memeeer-red with the more simple and better exposed volcanics of the 
Meemeecn islonds. 
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contains twelve volcanic islands and 64 coral islands, 41 of the coral 
Miends lying on the barrier reef surrounding the central islands. | 
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The barrier reef, some 125 miles long, is roughly triangular in 
Gispe ond shows as emergent features the 41 low-lying coral islands. The 
feepeo. COral island is one-quarter mile wide and two miles long. The 
fees. altitudes the coral islands are from five to eisht feet (ocark 
end Uny 1953). The whole of the reef island area is only 1.5 Square miles 


eee, ies). The carrier reef probably originated as a fringing reef 
Meee eC OYisg nal yolcanic islend mess. As the once single large island 
Mee ete corcl crew upwerd now Marking roughly the originel snoreline 

Meer inner vol@emic islands ere remnents oz a large shield yolenno, 
Pee ooeulVCwercovly dissected by faulting and subeerial erosion, and 
portly submerged. inking of 1000 to 2000 feet is indicated to account 
Meeecn? individual islands. 

In the Truk Islends leva flows predominate, but pyroclastic racerial 
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is interbedded with flows. Wo remains of the original crater walls now 
(ast. Most lava apparently issued from fractures tnat now contain dikes. 
Lava flows and ices consist of olivine-rich basalt, melitite nepheline 
and nepheline basaits, nepheline basanite, andesite, trachyte, and gebbro. 
These lavas represent the alkalic-olivine-basalt-trachyte association 
enon in the Pacific Basin east of the andesite line. 

ite toreest of the voleanze islanas is Tol, with an area vor U3e2 
Pemere miles. Tol is formed by four upland Tault blocks separated by 
deep embayments, and is geolosically different from tne other inter-lagoon 
Hetanas. Tol contains. the highest point of land in the lagoon with Mount 
Tumuital rising to 1,453 feet. Tol consists almost entirely of olivine 
pasalt and andesite flows that are cut by steeply dipping fractures and 
fee ine flows are thinner and more vesicular than the other islands, 
ene in thickness from 2 to 60 feet (Stark and Hay 1963). 

Peen,, one Second 1anrgest island with en area of {se square miles: 
is @ mountainous mass of lava and indurated pyroclastic rocks, bordered 
peneralily by unconsolidated marsh sediments, beach deposits, and mengrove 
eeameecdevritus. The flows are pently dipping columnar-jointed basalts 
Semmes oo feet in thickness. Tracnytic, andesitic, and basaltic deoris 


fewiound in lava beds as well as independent flows of andesite and 


Pe 
bs 
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Mates. Volcanic sedimentary deposits are .espread on Moen gradings 
from brecciz to wacer-rounded conglomerate. Faultins, dixes and vents 


ae “ 
have not been found on Moen (Sterk and Hay 1963). 


Tne drainage pattern on all the high Tru 
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deep ravines, but large valleys olso occur. The largest valley is on 


“ 


5 


Moen and is about a mile longs, one-third of a mile wide and 500 feet 


teem. typical oF valleys in basalt flow terrain, the valley wells are 


eoncave and the valley deep with a gentle gradient. 


Tne Hawaiian, or Sandwicn Islands, are a chain of islands near 
the center of the North Pacific Ocean, some 1578 miles in length trend- 


, . : O nO 
ing east southeast-west northwest between latitudes 18°55' and 28°25' 


a 


North, and longitudes L5e Oks! and 178°25' West as detailed on 
TO°W 160°W 
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Figure 5. The Hawaiian Islands 


The Hawaiien Islend Group consisting of both voleaniec and coral 
islands built up from depths of 15,000 to 13,000 feet, is the NOVUCLe ERO. s 


mmede Cencreal Pacifie eclend scrounge To nas the hichest elevor eis sc. 


any oceanic island with iieune Kea rising to 13 
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believed to have been formed during the Tertiary (within the past 70 
million years) with voleanic activity progressing southeastwaré. Only 
the easternmost and largest island of Hawaii now has active volcanoes. 
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fed may have been initially formed as lave as t 
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he Pliocene (within the 
past 11 million years). Submarine contouring indicates thet a downbowing, 
tie Hawelien Veep, exists around the ridge on which the islands rise. 


ne heavy loading, of the earth's submarine cist by 


Cr 


This may be due to 
the melcanic piles (Eardley 1952). 

mie cham Ol 16leandS may be divided into three semnenvus according 
tO the type of island found in each. The southeast segment consists of 
Peemeani Liar high volcanic islands, none less then 1300 feet in elevetion. 
Piemmorcivwes, Seement, except for Gardner Island, has no volcanic rocks 
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Beeioscea, end consists of coral reeis and sand islands. The middle segmenty 
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Womemeink between che cvwo exuremes of high volcanic islands and low coral 
Mereus, havines relatively small greatly eroded volcanic islends on greater 
Submarine bvanss. These Suomarine banks exist continually in conjunction 
Mevieune Older islands av a depth of about 300 feet below present sea 


level; a narrower shelf at 60 feet below sea level elso occurs according 


to Stearns oe). ft seems reasonable to accept the opinion that the 
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westerly islands were also once hign volcanic islands like the present 
ieee OL the soulneastern segsent, but thet they have beon truncated 
Paeecureamn, wind, and waive erosion. 

ia one NOnG@mes. Semrent. of the Hawaiian Islands, Pearl and Hermes 
meer 15 pernaps tyoieal.~ Iv owas its name to two Enclisn vaalers who 
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covered with scanty vegetation end @ number of low and barren islets. 


Mmeemistands cOnsise Of sand and cnift in size and shape casily. One t 


of the largest islands is Southeast Island about a mile long and less 


than a quarter of a miie wide. Elevated worn limestone rock, surviving 


ee tre 


femutons Of an anclent reef, stand at about four feet above hign tide 
(Galtsoff 1933). 

Hihoa (Bird Island) is the larses islend of the centrel old volcanic 
Felsnds . Tt has an area of ebout 1/4 square mile and a maximum height of 
895 feet. From a distance Nihoa resembles a great rock tooth. Inacces- 
sible cliffs surround it on all sides except tne south where the ground 
etemes COwn tO a small bay. Tne rock apparently represents a portion of 
the southwest quadrant of the original cone. ‘This remaining portion lies 
near the southwest end of a submarine bank some 120-240 feet in depth. 
iG appears that the original cone was truncated by tne sea and winds more 
momemety trom the northeast, tne direction of the prevailing nortneast 
tradewind (Palmer 1927). According to Devis (1924) the Hawaiian Islands 
Wie in tne marginel. belt of tne coral seac; they would be expected to 
nave Penis Sruncated by Lowered stands of the sea during the Pleistocene, 
but very likely may not have ceveloved favorable conditicns rapidly enough 
Perecoral reef crowth before subiiergence. 

On HNihoa no permanent streams occur, but numerous V-snaped valleys 


exist. A wave-cut terrace from four to eignt feet above sea level ex- 


tends along the south coast. Pesta 2 001d a Gne wCli id sbese. 
The rocks of Nihoa are principally olivine basalts in both flows 
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some conglomerate weakly cemented by earth end bird guano is exposed 
(Palmer 1927). 

The geology of each of the large hign islands in the easternmost 
peaeor the chain is covered in @ very comprehensive manner by a seriés 
of bulletins of the Hawaiian Division of Hydrography. The following 
summary of informetion on Maui, the beautiful "Velley Isle," is from one 
of these excellent bulletins by Stearns and MacDonald (1942). 

Hava 1S tne second larfest of the aaa Group, being 48 miles 
long and 26 miles wide eat its widest point, with an area of 723 square 
fees, ine islend is formed Of two VOlcan0es East sigs, Pingo O25 
feet high and West Mani, an older deevly-dissected volcano, being 5,788 
meeusid elevation. The flat isthmus whien connects the two voleanees 
was made by lavas from Hast Maui tanking against the West Maui mountains. 
Tne basic island profile is that of two broad shield-shaped domes of thin- 
bedded lava flows dipping awey from the two respective summit vents. Numer- 
Sucmmeovecvacular rreen-mantled canyons cut the mountain sides. 


mie oldesy rocks exposed on East Maui are very permeable primitive 
basalts wnich were extruded vropably in Pliocene and early Pleistocene 


temeeearom tnree rift zones. Tne later Pleistocene lavas are andesites, 


is 


a 


andesitic basalts, and picritic vasalts. These contain interbedded so 


} 


Paemewacric tufi beds, and lava filled valleys. On West Maui the oldest 
Peeks are very primitive basalts which flowed in Pliocene and early Pleisto- 
cene times from two main rifvs and many pogieal fissures; soda Urachyee “and 
Olpeoclase andesites partially overlie the dome. 


Secmusnvery EOC.s On tial are Ceierly or late Cuetermaryvecce end 


@egoisy Ol clluvial fans, Lendslide deoris, delt a deposits, and valley 
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fills of voorly permeable and poorly assorted bouldery clluvium. hiud 
flows are also found. The isthmus contains caleareous sand dunes of 
eee aces. 

An unusual. phenomenon is found on the Exe, of Maui, a flat, swampy 
plateau of trachyte lying 4,500 feet above sea level. These uplands are 
covered with an acid peat bog; bedrock of the bulbous trachyte dome is 
occasionally exnosed. Snallow water pond depressions some 5 to 20 feet 
feos, ond Sligned along cracks, are found in “une rocksctmmace. ff is 
nymothnesized by Stearns (1942) that these depressions are due to a very 
Peeral solution reaction of the trachyte by the constantly present rain- 
WemGer . 

In the Hawaiian Island vheater - headed valleys are an impressive 
Beeeorpnic feature. These valleys, «crming in very pervious basalts, 
GeeetOo extraordinerily ceep canyons which widen at their heads, ending 
abruptly in preat cirque-like amphitheaters. The islend of Teniti in 
tne Society Islands is especially famous for these theater-headed canyons. 
Willioms (1933) in describing these impressive valleys on Tahiti says 
that, “There can be no doubt that these curious features owe their origin 
to the undermining end collapse of massive lavas resting on softer beds 
Siedecomoosed leva or ash. At many placesWilliams observed clecr 
evidence of snapping action by widerground water. At the base of some of 
the cliff walls in the valley heads ere enormous landslide blocks beneavh 
meeeme SCare in the cliff avove. Even insignificant tributaries may 


develov such an impressive valley. 
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The Bermuda Islands 


The Bermudas consist of over 150 islands and islets grouped to- 
gether in a great hoox trending northeast-southeast at latitude 32°17" 


North and longitude 64°kG' West as shown on Figure 6. 
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Figure 6. The Bermuda Islands 


The Bermudas, or Somers Islands, with a total land area of 20 


Square miles, are the northernmost corel islands in the world. They mark 


Emme cerene nortneriy loop of the marfinel belt of the Atlantic ccral seas 


~” 


due to the warming effect of the Gulf Stream. 

pine vel andseare (Porenea On the southeast side of an elliptical 
submarine platform about S221 72 Mees: Oy Heise miles with a totel area 
Wemeee square miles, wailen rises some 15,000 feet from the ocean floor. 
The present top of the platform lies 60 to 70 feet below sea level. A 
Seral reer, mostly submerged, wrovs fron one to three miles insid® end 


@€long the outer margin of the platform. Within the lagoon the depth of 
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water is generally 60 feet or less. The dppearance of the Bermudas is 
that of an atoll, but in fact the corals and associated forms constitute 
only a thin veneer (Sayles 1932). Tne islands rest on a basaltic lava 
founcation. The main outer slopes of the bank are ioe reaching a max- 
imum at one point of Bue ins a8 2ndieative of a cone Durie (chier le. 
basaltic lava flows rather than felsic breccias and tuffs (Schuchert 
1935). 

The first deep borings in tne islands in 1912 showed that deeply 
weathered volcanics rest at 245 feet below sea level and are overlain by 
some 380 feet of aeolian limestone. At 560 feet below sea level solid bed- 
rock of basaltic lava pecune (Seviecrioje). 

The topograpny of Bermuda is cheracterized by the forms of con- 
solidated wind-blowm dunes of calcarcous snell sands made in Pleistocene 
fime. In this respect the appearance is quite similar to the Panamas; 
however, whereas tne Bermudas' deposits are of wind-blown shell sands, the 
Bahamas' dunes ere of calcium carbonate sand grains originating es inorgen- 
ically precipitated odlites. Tne dunes have a gentle slope fron the 
soutn shore and steeper slones to tne north with depressions between. The 
more gently rolling areas are regions of older dune formations; this is 
el-mceu nor.h anc south by yournser dunes. The crosscedding Slopes indicate 
tne dunes were moving inland towerd euch other. This movement is not 
mecessarily a function of tne prevailing wind, but of tne source of the 
“Wpply of sand (Sayles 1932). The hills are generally less then 150 feet 

~ve the sea, but several are over 200 feet, the nishest being 259 fect. 
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seem to be original low places never covered by the more recent dunes. 
Mme indurated acolianite is extremely porous; even the hardest rains pro- 
Sieenmlattie surface runoff. During the Pleistocene, however, surface 


ancient eroded chan- 


t+) 


streams ere thought to have been present because o 
mers thet go out to tne sea. Some of the interdune depressions are filled 
with either marine or fresh water muck and peat to a depth of at least 
52 feet (Schuchert 1935). 

The top 15 reet of the frasvented shell limestone is relatively 
Cempacty, Dul then poorly-cemented sands are encountered; these harden 


~ 


Eeeneexposure to air. The houses of Permuda, including the roofs, are 
traditionally made of tnis soft limestone wnich cuts easily to shape, but 


herdens into a permanent construction material. 


At least four aifferent strata of red-brown soils are interbedded 


in the dunes; usually tney are cnly a few inchcs thick, but some pockets 
ere as tnick as 12 feet. These soils epparently formed during periods 
when rainfall was great and vegetation Tlourisned. Some of the soil 
Meeerserepresent formation times of as much es 200,000 years. It taxes 
from 60,000 to 120,000 years of time and from 100 to 200 feet of aeolian- 
ate to procuce one foot of soil (Sayles 1932). 
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years ago). By the end of the Tertiary (about 1 million years ago), the 
mountainous islands had been reduced to submarine platforms. In the 
shallow waters marine oolitic limestone formed, much es it does today on 
the Bahama Banks, in addition to forminiferal (coral) marl. Then alter- 
nate submergence and emergence (of about 10 times as much land area as is 


exposed todey) allowed a heavy deposit of shells to form and become the 


ime tOrmations Of aeolianite which now make up the islands. 
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OCEANIC ISLAND CLIMATES 


Climate may best be considered as the prevailing weether character- 
istics of an area over a long period, considered both in average magni- 
tudes and variability of the elements of weather. Weather by comparison 
is the atmospheric condition existing at any given time (Trewartha 195!). 


Tyus to five a satisfactory climatic picture of the oceanic islands this 


0 


@ee27on Will describe first in general the elements of wind and air 
Peeereire, temperature, atmospheric moisture, and precipitation, as re- 


MepeaslO Oceanic Or marine regions, and then secondl, the variabilisy of 


Meese C€lencnces in time and local climate. 


Climatic Controls 


MemeoneOceamG island Our principal terrestrial zaevors, or 
Seeeerac Controls, govern the climate. A worxing knowledge of how these 
controls function can enaodle reasonable estimates to be made of the 
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Meme Climate of mort ocecnic islends even if stecific data is unavail- 


ebole (Halpine and Taylor 1956). Tne climatic controls which must be 
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LO 
momneat the land or ocean surfaces and the eir. The minimum obliquity 
or the sun's rays may vary fron oF for islands within the tropics where 
Peeewsun sveands directly overhead to apout 28° 20x the Aleutian Islands. 
fone poles the minimum obliquity is ei /2-. Tie Tresule 14 nae oe 
Sum s rays whicn do touch the cold northern latitudes even in the longs 
Mugeesw cays provide far less heat thin is possible in the tropics. The 
length of day varies from a 12 hour dey throughout the year in the 
Beles cos Pclenas On wie Equator TG S& lj Grous eda in sunmier "andse 7 nou, 
femeecie winter for the Aleutians. Accordingly, ecuatorial regions 
mee rairly constantly ween, while far nortnerneeme ay southern Tativudes 
Meameecemperature extremes of Sttamer and winter, out being colder on tne 
fem ei Or the entire year. 

The principal influence of the deep ocean water is to moderate 
temperatures. Because of the hich specific heat of water and water's 
transparency to the sun's rays, the ocean warms and cools much nore slowly 
iiemeen Opaque land surface. The neat is not concentrated at the surface 


Seems ocean as it is on land; instead 2 gr 
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Peover Light-wave penetration and turoulent mixing. Hence both diurnal 


Pwemeeeconc] temperature variations in the air over water are reletively 


Seemeeconoircd to that over land. In typical oceanic climates the diurnal 


[vs 


o5 7 = ‘ 0 
Memeo. tne surface water cemperalure is generally less than LF; the 


; O = = ae ; 
Sime renze is below 20 F. Exe@otvions Gxist cniy in the polar oceanic 


regions where ice produces the same effects as e lend surfece (Britannica 
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Mmes wnich have caused them; however, it is the temperature of the ocean 
which, to a large extent, determines the air temperature on the small 
occanic island. Thus the Galapagos Islunds lying on the equator, but in 
Weeepach of the cold (63°F) Peruvian current may heve a sea level air 
temperature of T0F, witleetne Gilbert islands. also om the cCauece pus 
moecne far end of the warm equatorial currents, has a temperature of 80°F, 
Major temperature contrasts bctween cold ocean currents end warm air, as 
Sree s in the Aleutians in the summer, may produce thick persistent fog 
es the warmer air is cooled. 

Topographic features, sucn as the mountainous island, may greatly 
femiey tne general climate to be expected in a region. The most obvious, 
SeamoyorOolosically important, efrect is to block the normal wind pattern; 
meer aon1c highs force the wind to deflect or ascend. Wwhen tne moist 
Seeeie fir is forced to ascend into the colder elevations precipitation 
Peery cccurs. Consequently most hign islands experience much greater 
Pemetait than low islands in the same resion. The effect of elevation on 
temperature is similar to an increase in latitude; witn ecacn 1000 feet 
weeeevation the temperature will decrease from 3. to oF. Pete il ee 
Gioia be recognized that certain slopes of a mountain will be bathed in 
Seeeveisy SUNnLiIgnt while others will be masked in decn snade creating great 
Seeccamilerities of climate. 
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meer le are Yeretation and human activity. These controls may in fact be 


Sememaint in the microclimate regime, Che first fev feet of space above the 


meee Ce Of the ground. “AS examples, under a canopy of trees, Lenperature 





maxima are low and minima nigner tnan over an open surface at the same 
eeeeoncc: also humidity is Generally mien higher in the vicinity of 
verevated arca than in a barren region. lWodcern cities produce a climate 
Meme eiy On, and they usually average warmer temperacures, Lesser 


feeroicy, and greacver precipitation than the surrounding countryside. 


CenscalsPlenecary Cis euloation 
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Winds are caused primarily by the differences in heating of the 
S@eeds Slirface; the heating variation creutcs pressure differentials 
wnich impel the movement of large air masses. Avout helf the eartn's sur- 
face (roughly the region betuveen 20. iefepahenatmrctares 30° South avi cude, anacee 
Meme net gain Of solar heat each day; the remnincer of Une earth vole- 
meeenos 8 net loss. The general circulation of the carth acum to re- 
distribute the heat over the eartn's surlace. 

Mem luGcyraved on Fisure (G7i.ne general circulation 2s basically 
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Or ectcrized by alternating belts low and high pressure. 
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Surface air from both subtropical high pressure belts flows toward the 
eguavorial jow. This movement of air, deflected by the Coriolis force, 
constitutes the steady easterly trade winds over the oceans. Poleward 
fPeemecne Semipermanent high-pressure systems at about aoe latitude North 
and South the westerly winds move toward the Arctic and Antarctic lows. 

significant regions of relative calm or variable winds prevail at 
the middle of the belts of both low and high pressures. Near the equator 
fmmerne refion known as the doldrums the winds slacken into fitful. breezes 
Sete 2irst from one direction, then from another. On the outer margin 
Pemene urade winds, corresponding roughly to the middle of the suotropic 
Meoeebel>, ape regions of calm descending air, the so-called horse lati- 
tudes. 

The foregoing simple planetary circulation described is modified 
mememeereay extent oy the influence of the large continental landmasses. 
The continents act not only as topographic barriers, but generate seasonal 
Migorena Ow pressure centers which interact with the maritime pressure 
Seme@ees.) Continents in winter cool off faster than the ocean causing 
Pecateiiei pressure centers; in the summer lows are formed over large 
landmaesses. Plate V shows the circulation of winds over the oceans as 


meweoe sned for the pressure center patterns for January and for July 


~ 


(Bartholonew 1955). 
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iene PeCciric On bOCN Sides Gf Lhe eauator, Lo 2 lavituce of abour 
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Peeepecasterly trade winds blow. The region of doldrums consist of a 
wedge-shaved area with the base resting on the West Coast of the Americas. 


imetne western central part of the Facific the huge landmess of Asia causes 


tae trade winds to be replaced by the seasonal monsoon winds. The boundary 
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KS 
of the monsoon region is about ye Horn to: 15° South, and 160° East co 
m5 West. The North Pacific on the Asian side from the tropics to the 
Bering, Sea has a monsoonal reversal of prevailing winds, winter and 
Sumer. in winter this is a very cold, dry, northwesterly wind; in sum- 
mer @ warm, moist, southeast wind. On the American side of the North 
Peerisce trom Southern Alaska to horthern California marine air contin- 
Mously moves toward Land or follows coastal mountain ranges except for 
temporary modification when strong continental highs develop. In winter 
the North Pacific winds are southerly; in summer they shift clockwise to 
become northerly (Britannica 1904). 

The major climatological features of the North Atlantic are the 
"Azores high" and the “Iceland low,” both fairly permanent features. In 
meemiorencrn Hemispnere tne winds blow clockwise around the high pressure 
Hmereon and counterclockwise around the low. Tne vrevailing winds on th 
Sqparorial side of the Azores high are northeasterly to casterly. This 
circulation causes the trade winds to blow stronger. Between the Azores 
geeend tne Iceland low, westerly winds prevail, being stronzest in 
winter (Britannica 1964). 

iImiebie couch Atlantic a nigh pre re area corresponding to the 
Azores nDigh occurs between 20° tO 20° poutd. “Ot the equstoriat side or 
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Summer and strong. in 
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tits hicn the soutneast trade winds blow weakly in 
Meeer. Retlween the north and south trade wind belts, in a wedge shane 
meeeeetne base on Africa, lies the equutorial calm, the doldrums, charaever- 


izea by light wind and heavy gouapours . Peel On Oey Coste men rola 
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mente cool air flows seaward as a land breéze to replace the rising wamn- 


er sea air (Trewartha 1951). 


Oceanic Temperatures 


On small oceanic islands the temperature of the water is the 
fegor Geverminant of the general temperature of the island. Because of 
@eeencency tor an ocean-land breeze to develop, the peripnery of an island 
Weave meny cdeprecs cooler during the day than the interior; at night the 
a@ir of che lend breeze fron a mountainous interior may be cooler than the 
ocean vemperavure. 

poate Lefiperature Changes, both diurnal aid seasonal dicsvingisen 
meee oSlinas from continental environsents. The surface of the ocean 
fepeains & Giurnal range usually within 1°R, The air near the water 
elso chances dicttile; Chis elrect prevai is sior 200ucT ooo feet vovard,. .ceu 
Woeemereve! the temperature variation is controlled by radiation only and 
Miemrenee O1 Ceriperature may be considerably gsreaver. Accordinely on the 
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eee Lemnoratvure variation is necessarily small. at most low level 
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of Mauna Kea (13,825 feet) and Mauna Loa (13,675 feet) (Hinds 193). 
seasonal variation of temperature on oceanic islands is also rel- 
Pemely omall, but is usually greatest in the nigher latitudes. Even in 


* ° * * O + 
the Aleutians (latitude 52° North) the annual range of mean nonthly temps 
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Peeere 1S only 2O F. In oceanic climates there is commonly a time lag 


of the thermal extremes behind the solstices (June 21 and December 21). 
In the ocean of the Northern Hemisphere August is often the warmest month 
(Britannica 1964). The annual temperature variation of several represent- 


native snall oceanic islands is given below (Air Ministry 1958): 


Pitcairn Island 25 Oh Ss 130° oh WhO ft. 
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[Moenerms for the air over oceans in denuery and in vuly are presented on 


Plate VI. Temvnerature inversions freauently occur in the northern ocecns 


around the Aleutians in the Facifie and the soutnern coast of ewroundlend 
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Goes, Of vfrica., In these cases the inversions are caused by warm air 


overlying cold ocean water. 


POs VNe lem oS Ure 


Preoone che unique climatic characteristics of oceanic regions is 
Meeenumidity. Tne zonal distribution of relative humidity varies from 
Demi, greatest at 60° ana 0° latitudes, averaging about 83%, to the 
lowest at 30° latitude, averasing about 739 (Trewartha 1954). As an 
@eeemci1on however, Malden in the Line Islands at 4°93! LOUTH Nas a very 
Hoverclative humidity nor a tropical island averaging 58% in the after- 
noon (Wiens 1962). Normal annual variation eppears to be in the order of 
i to 6%. Diurnal variation ranges from 2 to 15% being greatest at early 
Moma Slightly before sunrise and lovest in early afternoon. 

Hae, Witte not common, may be oz major climatic Significance in 
Seee2in island “groups, namely the Aleutians and the Galapagos. In both 
cases the fog blankets which form are advection types, caused by warn 
motec marine air moving over coid ocean water. In the Aleutians the fog 
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mamecmeeled aS subtropic air moving north is chanced from 70°F to about 
50°F ioe tne cold Arctic currents moving soutn from the fering Sea, Weitnaer 
Senor strong wind can dissipate tne rog (U.S. Air Force 1950). While 
208 may be readily coalesced by vegevation it is not likely to develop into 
Born. 

Atmospheric moLsture may be deposited as dew on clear nights on 


» oe 2 0 ’ a 7 
eds. Sin Most ocCemnic Sicuac. ons | dren Gr 10 fF should pe sure 


evens to cause dew formavion. Propavly only on dry islands of mea 





Da: 
rainfall such as Lanai, which gets only 1O‘inches unnually along the 
feast, is dew noteworthy. On Lanai, however, devosition of dew is 
eepeous cnourn cheat the carly natives collected it for drinking water 


feeonoxinf it from shruvbery and spreading ouv oiled cloths on which it 


would collect at night (Fmory 192k). 


Precivrecton on Ocean ce Island: 


Cee ainly tne most Significance climatic clement trom a nyaroleri= 


Smee woOlnc is precipitation. it losically is first considered in 
meeacine une possibility of finding fresh water on the isolated island. 
Meeeonsideration of precipitation on en oceanic island should include 
Pree itaviOn O; aenitude, character, areal distribution as related to top- 
Seeeoiy, pattern in time, and reliability. 

Wumeevery -encral DaSis 1. can be Gaid tnat regions of low press ieee 
Pave tne greatest rainfall, wnile regions of high pressures are the driest. 
Peels «a reasonable generalization since the flow of alr moving into 
gm OT Sure recion age@ads within tne center, being cooled and przs 
Pee rain es it does so; conversely une cescénding air in a high 


ant. >? * = — - 
Ene Sr eCScure Centers. >. 


Meer’ re ioOn cecume drier. & comparison of 
meee ¥ With une annual rainfall pattern shown on Plate Vil, varticulerly 
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PLATE VII 


ANNUAL RAINFALL PAT TERN 
OCEANIC REGIONS AT SEA LEVEL 


INFORMATION FROM AIR MINISTRY (1958) 
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rainfell is north of the equator in the Pacific.in a belt between 1°38" 
North and 8°30' Horth stretching from Palmyra Island (160° West) to 

Kayangel Island (134° Hast). Rainfall diminishes north and south of 
this zone, and also very markedly eestward. According to Wiens (196 5) 
imemeoncepy Of an equatorial doldrum belt characterized by heavy rains 
does not epoear velid. Instead small (about three miles in diameter) ver- 
meee convection cells occur in conjunction with the unstable portion of 
Meeeenerizontal eddies. Palmyra Island at about oy Worth avereges some 
ieeeimicnes annual rainfall while Canton Island lying only oy south ever- 
feeem, inches annually. Farther north, even in a continuing low pressure 
region such as the Pleucvans, PrecipeeeviOn ie MUCK ess thane cue 
Bee oLCcS . Sscntlale sunis is DECaUse=Tic COlLd Savuracled air hasenve niece 
capacity for holding atmospheric moisture than warm saturated air. Sat- 
ieecosair reduced in temperature from 100°F wO 90°F will precipitate 
five times as much moisture as air cooled from LC°P to 30°F (Trewartha 
195%). 

enOoW as precipitation is relatively unimportant on oceanic islands. 

Pyecoes occur in the high mountains of Hawaii and in the lower mountains 
of higher latitudes such as Tristan da Cunha (37° South) and the Aleutians 


0 


& r : Fe ~ i A , o o °7 2m, 7+r a as ee -—£* 
(eor.:). Even in the Aleutians snow rarely lasts for ony ener cn os 


ijtpereco SCQ level even though it is estimated that tre annual snowrall is 
SO incene-: SG As eeeae e 
60 incnes (U. S. Air Force 1950). 

Ho seems what the: low landeassces, Or even aaoll’ complexes lave 


ieee if any effect on precinitation. Tne lagoonweter of en atoll may 


a O . uy ee = e e ” 
meee | fF warmer Than tne Gurrvound. as o¢cen, out ib is doubiiul trac 





54 

this could be a significant influence on the weather. On the other 
hand experienced Polynesian navigetors claim the presence of tiny ctoll 
islends can be escertained by the distribution of clouds. Even if the 
atolls can cause peculiarities of cloud formation, the effect upon pre- 
cipitation over the atoll itself is hardly detectable and probably in- 
significant (lavoie 1963). Precipitation on the atoll islands results 
feommoccanic cir convection and occasional cyclonic depression activity. 

For tne hiph islands the eficct of Copogranny on precipitation is 
Momeccive in many respects. The most apparent precipitation trend on 
moe island is that the rainfall increases with elevation. Meuntains 
several thousands of feet higen frequently have a wreath of clouds about 
ieee tr summits. Where winds blow steady from a single direction the year 
Meoundeas in the middie of the trade wind belts, a second trend in rain- 
fee d2atribution becomes very significant; here the orozrapnic precipita- 
tion is erfective primarily on the windward side while the lee side of the 
oceanic Island is quite dry. | 

Tne rainfall caused by a mountainous island may not necessarily 
wel or. enat land; it can fall either to leevard or windward of it. The 
ioas O2Yren rock island CLF slo (3°59! North end 81°35" lest), which 
allesediy has tne distinction of being the first oceanic island in the 
emer ce Gignved by curopeans, is some 900 feet hi 
Mme tUGC O: balpclo igm@sur ficient to produce neavy Showers thay reall 
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is due to the moist air overriding a stagnant laycr in front of the moun- 
tain surface (Trewartha 1954). 


On all high oceanic islands ia the trade wind belt exceeding about 


0 


2009 feet in clevation, cloud caps are formed as the cooled moist air is 
lifted. On the highest mountains with peaks above tne upper limit of the 
trade winds, a great cloud belt generally hangs over the windward slope 
Peeieuween 2000 and {O00 feet. Tne position of the belt is controlled 
by the averace temperature and wind strength. On warm days in the 
Wewyaiian islands, when Lowland temperatures exceed 85°F, une ClLOoudss wise 
Meee to 2000 fect above tneir normal position. When the wind velocity 
falls below about 10 mph the clouds may disapvear. While the clouds 
eeetet, the, produce heavy, almost continuous rain. The air descending 
the leeward slopes is heated at the dry adiabatic rate of about a 
fPemmroo) .ccet of elevation and becomes very dry and warm. Hence the lee= 
ward side of a high mountain is commonly arid (Hinds kere Frequently 


tt 


the heavy windward rainfall may "spill over" the crests of intermediately 
high mountains (those between 2000 and 7000 feet) onto the upper slopes 
Geeene dry side. 

Mie Howie oo islands lyine in tone neaec Of Une noreneast trade yume 
Peeoeaitord tie Tinese examples aenyynere of the effects and variation of 
orographic precipitation on oceanic islands. On Maui reinfall varies from 
en Pave. arerare of 13 incnes on the leevard coast to 339 inches on the 
sumiit at 5,705 feet. .496 inches of rain fell on the Maui swamit in Loss 
waile only 6 niles away.a record low of 2 inches fell in 1923, the low- 
est ever recorded in the Hewalien Islands (Stearns and MacDonald 1942). 
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eg LG fairey Ibe aly 3.5% eeu TelCvarion, is a relacively dry 
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island because of its geographic location in the lee of the much higher 
feland of Maui. This rainshadow effect diminishes tne importance of 
Piewrrade wind; To fact a definite sea breeze front can be found on 
Lanai nearly every summer day (Leopold 1943). The effect of orographic 
precipitation can be well illustrated by @ summary of average annual 


precipitation values at various island locations as follows (Hinds 1943): 





Island Average Annual Precpitasion 

Kaucl 50-€0" Ky" 20-60" 

ehu (West) SONG! 30" 20-30" 

(East) 50-60" 200" 20236: 

Meni (West) B0ecO) 350" HOSHO! 

(Kast ) 80-200" 60-80" 10-60! 
Lanai 10" 40-50" - 


The pattern of magnitude of monthly rainfall throughout the year 
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total annual emount. Very few 


ieeae10NS neve an equal distribution of rainfell throughout the year, 


Ouc are rather inclined to have wet and dry periods. 


from ea wet 


Pecvoiling wind direction. 


mee vorade wind belt become 


OVsGny CO wel, Season 16 neralded by a 


Most frequently those oceanic 


Wotverprus. tne wWLlitds slid 2 rem 


dry trade winds to warmer more moist, winds of equatorial 
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mevineg from cooler to warmer regions or from large landmasses, tend to 
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Sens On the occanic island; winds moving from warmer to 
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cooler regions on the ocean tend to produce wet seasons. 

Some of the dry periods, even on islands of fairly substantial 
mantel), can be considerable. In the Gilbert Islands, where the pre- 
Veiling winds are the northeast trade winds, the average annual rain- 
fall for all islands is about 7O inches. <A pronounced wet season occurs 
during the winter months when monthly reinfell is from 2 to 4 times that 
Geeune Olher months, In 1925 for a period of eignt months during the 
long dry period, no rain at all fell on 14 of the islands (Sachet 1957). 

Representative annual rainfall patterns are shown as inset diagreoms 
on Plate VII. General apparent patterns derived from data (Air Ministry 
1958) are as follows: 

1. The Aleutian Islands have a period of greatest rainfall 
during the fall montns (monthly rainfall 2 times that of 
other months). 

Oo. The Southern Hewaiian Islands have a maximum of rainfall 
during the winter months (monthly rainfall 2 to times 
inet OL worler months). 

3. The Gilbert Islands have a pronounced wet Season in the 
winter months (monthly ruintall 2 to 3 times that of 
other months). 

i, The Central Line Islands have a major wet period during 
the spring months (monthly rainfall 3 to 4 times that of 
other months). 

See pomben isteids incun@ajor ratneak: Teen iater fal 
throuen carly oprive Gaontniverainzall 4& times that of 


other months). 


6. The Lesser Antilles have a wet period from lete summer to 
early winter (monthly rainfall 2 times that of other months). 


‘-4 
re 


Variability in ennual reinfall is great, particularly on the low 
lends. Drought years occur on even the wettest atoll islands. The high- 


est rainfall recorded on Fenning Island in the Line Island Groun was 


- 


207.6" in 1905, but in 1950 there was a low of 27.8". At Malden ferther 
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south, the highest rainfall was 95.6" in 1919, and the lowest was 4" in 
1908 (Wiens 1962). Variation in annual rainfall for representative 
islands in the Gilbert Group may be illustrated by the following su:mary 


(Sachet 1957): 





fies and Year 


19h3 199-1950 19511952 


Little Makin (on eo 50.3 153.4% 131.4 
Beru Supeo 48,3 9.8 ola hoy 
Arorae 81.9 Lene Ti th 82.8 67.9 


Annual rainfall is most variable along the western tongue of the 
equatorial dry zone (castern Central Pacific) where the north-south rain- 
Talbeeredicnt is steep. Variability is still higher in the Penrhyn-Tahiti 
region where dry conditions associated with a permanent South Pacific 
emm~eeeyvc1One to the cast may prevail, or wetter weather may persist when 
piemomesi-Stationary trough line usually lying to the southeast from the 
South Cook Group moves east (Wiens 1962). Islands in moderate latitudes 
Wememaepreater reliaoility of rainfall. 

Tropical cyclones (known as typhoons in the Pacific and hurricanes 


in the Atlantic) are characteristic of low latitudes end probably develop 
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only over water 62 rf or higher. Major regions of tropical cyclones are 


Heme and Soutn cenvral latitudes of the West Pacific, along the west 


Soot 0: iiexico, tne Curibocen, lorth Indian Ocean anc south central 
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storm area may cover an area as much as 100 miles in diameter, but have 
@eclear calm eye center from l2 to 15 miles in diameter. In regions hit 
Byesuch great storms the storm rainrall may be a very significant portion 
Oi the annual total. The total rainfall for tropical cyclones may fre- 
Q@uently average 5 to 10 inches, out under certain conditions recorded 
rainfall has measured 96.5 inches in 4 days (Trewartha 1954). 

besides the torrenulal rainfall itseli, the stcrm causes major 
effects on the ocean surface. The winds of an approaching tropical cyclone 
Gauee the piling up of water against a coast into a hurricane tide which 
Olea concave coast is wsually from 3 to 10 feet high. In addition near 
itemeciver OL these intense stormc a rapid uplift of water, as much as 
eemece. in height occurs, and is Known @5 a hurricane wave. Great ava- 
lanches of sea water pile un end are driven on shore by the gale winds. 
All these factors result in mejor inundation of low landmasses and coastal 
Meewors. ouch storms are particularly destructive of stoll islands 


(Trevartha 1954). 





ISLAND VEGETATION 

Most attempts at climatic classiiieation begin with vegetation 
MeiysiS. Natural vegetation integrates the effects of climate better 
then any available instrumentation and for this reason is frequently used 
os en index of climatic conditions (Critchfield 1960). A lush growth 
Gemverecacion generally implies ample rainfall; however in endeavoring 
memeacimate absolute values of rainfall, it snould be rémembered that 15 
inches of annual rainfall may produce desert conditions in warm latitudes, 


fieecupport coniferous forest prowtn in mucn cooler Tigeh Latitudes. 


Uriginwor Vezevation on Oceanic islands 


Man has been an important factor in determining the vegetation of 
Seeenmte islands. He nas introduced new plants, destroyed much indigenous 
Wepecadtion, and upset the phosphate balance by driving away the birds. 
meeereuO Une arrival of tne European only the most habiteble islands 
Megemceculroed by men. With the comins of the Hurop@an, major alvering 
of the naturel features of drier islands resulted from the digging of 
gueno for exportation; vast coconut plentations were established on the 
wetter islands. Coconut trees now so completely dominate the vegetation 
feecure Of tropical and subtropical islands thet it is difficult to dis- 
meee ialse beliel Chel coconut trees are indaisernous to the islands 
fos 0er- 1953). 

Eacwoecond World Wor ororoundly etfrecced the avolis:  ~Batuie. 


Mow On Islands sucn @s Tarawa, Kwajalein anda weke leit almost comolevel™ 
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bere land. In addition the tremendous movement of men and material across 
meeeisland repions carried with 10 rapid introduction of many different 
maceney species of flora to the islends. 


Plant seeds are brougnt to isjenas by water, wind, birds angreod 
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eliberately or accidentally. The plants that make up almost the 
Sere indigenous floras of atolls, or low, islands are those that con- 
Suruuce the strand flora of hich islands and continents. There are few 
@eecies confined to, or principally found on atoll islands. Abundant 
seedlings from drift seeds of pioneer species develop continuously along 
Meewvecches. Compared with the nhign islands, the species of flora found 
@emeroltl islands is lov, ranging from 3 to 150 on Pacific atolls to as 
many as 248 species on the Maldive Islands near continental. land in the 
Indian Ocean. The greatest number of species occurs in the wetter islands 


(Fosberc 1953). 


poll islands Nevers plant cover oO: strand type vyeretavian wie 
Peers. Nhend appears very uniform; however, closer inspection shows 
Peeemeetievuy and zonation of flora species. lejor differences in veseta- 


Peetecieracter occur between ishands in dry and wet climates. Dry islands 


Mewes Sparse desert Like vesetation of a few grass Seo, Devos. AG Caer 
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on atoll islands 
memeene Central and Eastern Carolines and Soutnern Marshalls. Another 
peeorvant Cirfrerence exists between the vetetation of srall or nerro7 


. ein oie : aie + aS eee <= Shei wth sal eurs Ril eescdee ns Sarr 
eee; Gnd those of Lerker Londmesses; the vegetation of the islets is 
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much sparser in degree and variety because of the intimate and fre- 
quent association with sea water. 

On most. atoll islands Chere is @ very dcfinite vegetation zone 
maoneucually oriented from the ouver beach to the inner, or lagoon, 
beach. The outermost zone conteins a scrub reaching a heicht of 6 to 
15 feet with smaller vegetation interspersed. On very narrow islets 
this may extend the full width of the land. Next there is a halophytic 
(salt Woveranit) forest zone, which is ordinarily a narrow belt. The great- 
er part of the interior is occupied by a more mesophytic (not adapted to 
any Eaeremc) type of forest. On populated atoll islands this is usually 
made up of coconut plentations. On wetter islands the breadfruit tree 
ts treauently grown in the interior. If the interior consists of marshes 
Or swamps, mangroves and planted taro may be found. On the inner lagoon 
shore is a narrow strip of scattered trees and herbaceous growth (Fosberg 
1949). 

feeeneral dieameenous tloyaso: avetieislands 25° moremmcare: “un 
variety to the casuward in the Pacific, and richer in the west because of 
the proximity tnere of larger landmasses with compiex flora. Introduced 


Miore 1s extremely limited on many smell islands, and is unsuccessfully 
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See valed because of excessive salinity in the soil. 
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Pee eecoveolisneda are generally contentreased in the centers of the islands, 


or are very shallow rooted (Fosberg 1949). 
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dryness resulting from high ground water salinity is doubtless the limit- 
ing Peer cor the establishment of much plant life on low islands. ‘The 
development of native agriculture (principally coconut, breadfruit, and 
taro) is coincident with the inner fresh ground water regions. On dry 
islonds there is no arriculture (Fosberg 1949). 

boon typhoons end tUsunanis Mey Send sea water conpletel, over ay 
eoral islands. ‘Tsunamis recorded on high islands have reached much 
greater heights than the highest elevation of most atolls. Some vegeta- 
tion would undoubtedly be destroyed by such inundation but few facts are 
available. The coconut groves and breadfruit trees which are of primary 
eortance to the native culture are usually badly damaged by the wind 
pm eG fOrces, and the sea water. 

Peendes DCIng @ Carrier Of certain seeds to 16lands, birds are on 
Mperben’ contributor of phosphate to the island soil, but may destroy 
ieemerees in wnaich they roost by the high concentration of guano deposi- 
tion, parviculurly during dry periods. Commonly pnosphatic rock is formed 
“may TOr-aehareos 
wnicn nincers root growth or impedes water movement, forming shallow 


marshes (Fosbery; 19049). 
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Samiiar climatic and geographic circumstance. In addition, high islands 
fee round in ull lutitudes waibe The vase majority of low islmigs are 
mentinea to the warm tropic and subtropic latitudes. 

Tie high. islend verelatrton Waseontiered most o7 2 9ison ce 
Mees.On of the Huropeans into oceanic regions. In tne days of sailing 
vessels the isolated oceanic islands offered a welcome haven from the 
meeors aid discomforts of sea life. By accident or intention sheep and 
fears Were introduced to numerous islands with devastating results. 
immeal is the story of St. Helena in the Atlantic described bymiCarson 
(1951). About 1513, the Portuguese introduced goats onto the recently 
meecovercd island of St. Helena, which had develoned a macnificemé forest 
of gumwood, ebony and brazilwood. By about 1550 the foets wandered over 
Meeewesland by the thousands in flocxs a mile long, trampling and eating 
Mgemecediings. Colonists aided tne trasedy by the destruction of the 


mature trees. By the early 1800’s the forests were gone and the island 


Gee eoer.0ed tnen es a rocky desert, with only remncnes of the original 
meme Och sisltins in the most inaccessible places. ecovery is slow even 


er F ‘ = ¢°.4 tr 7 +4 % e . (ag = a oo ner i? % Mt —- 1 7 a 
Meeeecic reroval of the cause; in some cases impogsible. From tne island 


ees OOlawe in the davyaiian Islands drifts a red dust 


canner which may 


Meme 7Or miles across the blue Pacific. Since 1051 5 tnird of the 
fete nas betn stripped of from 2 to 6 feet of red vopso l throusm the 


Meeenvro.lc¢d activity of fo07.ts and s 


eeeumilation of a million or more years was blown away forever ond tne 


Or cr yg Foland | . Pane ‘ Dh eieten Og S Ee “tage Q)} 
former grecn islend became a dare, bald, forbidding land (stearas 1940). 
VF ms ; 1 ‘Ss . oe t~ 1, wet en r, »~ er ° aye = * “A js 
Mew trou.cal-iSlands such as Gzux wresenl & rec <a tety On "fegere- 
+ 5 7 ; * i = © ONS pty ert ae <* ea oka a 
ton. Here the low sandy coastel areas are covered witn forests ol 





Beconucy ond shrubs, Mangrove trees prow within and below the intertidal 
Mereein parts of the island. Fresna water marshes have dense growen of 


wmbieclender marsh seeds interspersed with statvered shrubs. The less 


Meter vOus lower Slopes were clearec and fianteda to subsistence crops Gz 


™_ 


meemoenonese during tne last two yeers of world War IIT and are now 


Peeered with various grasses and shrug veectucion. Also found on tne 


Meeessct ple uplands are mixed forests of coconut palms and breadfrult 


fpecs, The summits end precipitous slones support Semi-open to dense 
forests of benyen and pandanus trees entwined with vines and serubs (U.S 


Army 1959). 

Cn Gry hish islands in the warmer regions such as tne Galapagos 
Meenas in the Pacific and St. Helena in tne Atlantic the zonation is 
fewerpelly of three tynes. Tne very arid low coastal regions to about 
Mmeeereo, Clevation support Llicvtle growth except tnorny plants, cacti, 
Pmemaucciients. filgner up on the slopes ere grasslands. Only in the 
(eee o. regions ere grecn tnicn stunds of veretation found. 

On hisn islands composed of areas of rock of greetly different geo- 


Meeeemcnerocter istics, major contrusves in the vegetation may exist. in 
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Cio a hherence- 1S vistmece by 
Peeerc:., MaAnanit) Sword erass rrowth on the volcanic terrain and dense 
eee On the lirestene areas (Cloud 1951). 

fae Wey islands of northern l:tiluces, becattse of the cold, iow 
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present a barren desolate appearance due principally to an almost total 
Jack of trees. Although the growth is low, it is in reality abundant. 
fhe beaches commonly are covered with strand wheat or wild rye grass 
reaching a height of 4 to 5 feet. Farther inlend are thickets of 
willows, occasionally as much as 12 feet in height. During the short 
growing season from July to early September the meadows are aflame with 
Golo: from wild flowers. The Aleutian heeth, which covers extensive 
nreas, consist mainly of a dense low tangle of tough-stenmed shrubs. On 
the still more exposed mountains, conditions may be severe for even tne 
Meme plants. Here occur extensive thick carpets of mosses and licnens, 
leene Aleutians this carpet is often as wet @S @ sponge. The lichen 
and moss carpet, and heath growth are commonly considered tundra. Higher 
up on the windswept peaks and in the most exposed places the ground sur- 


f@eenes bare (Collins et al., 1945). 


Vegetation as an Indicator of Fresh Ground Water 


ne OSt Gracemertoncenlents Liab eed Ons 7Cuudsewelcr Stana our 
merit contrast to those that do not. However, as the climate pro- 
Meese into a roregquaid navure tne control and nece ty of the wat 
Mmeere becomes less rigid. Certain snecies of flora become dormant or 
die when soil moisture is inadequate; others utili: ain ground water con- 
menue to grow actively during the dry periods (Meinzer 1927). It is 


4% . 


Mmemcioatily On tne low tsiends tnat certain common types of vecetation 


Saad 
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may provide indications of the nature of the ground water. 


The presence of halophytes (salt tolerant plants) may indicate 


Saline ground water. Even though the roots of such plants may Le in a 
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saturated soil, the highly concentrated salt content of the water causes 
a6 to be physiologically dry to plants. On halophytes transpiration con- 
ifeoreaaapcathons such as waxy leaves frequently occur. 

Perhaps the hardiest large indigenous growth found on the islands 
is the Pisonia tree; large dense groves of these trecs are found on 
islands of moderately heavy rainfall (80 to 110 inches per year). They 
seem to survive even on islands so small that a fresh water lens does 
not exist such as tiny Rose Island (about 200 yards by 240 yards in size). 
Here the Pisonia trees with their creamy wnite bark, large light-green 
leaves and twisted stems attain heights of 85 feet and girths of 25 feet. 
Sprouts of new growth Bes form from practically any part of the tree in 
m@emusuelly damp soil; sprouts from roots, branches, stubs, and fallen 
trunks form luxuriant tangles of oe and branches. But in this seeming- 
ieeien environment, because of the lack of a fresh ground water supply, 
coconut trees have not survived well (Sachet 1954). 

The pandanus tree is a tree of medium dimensions and tropical). 
appearance. Long slender branches are irregularly arranged. Long strap- 
Meee avesS are spirally inserted at the branch ends and have sharp mar- 
Semereoerretions. The pandanus probably provided the original food 


mi 


DUL when, tae “coconut Secaze plentiiul, tne 


c? 


uppiy in tne atoll islands; 
pandanus became of secondary invortence. The pandanus has a greater tol- 
Seeeeee tO crought and salinity than the coconut palm, but in the most un- 
favorable conditions it will succum (Catala 1957). 

Tne faniliear coconut paim is certeinly the most fredquent and prob- 


ably the most useful indicetor of marginal ground water conditions. The 


eoconul valm is a halophilous plant with some salt tolerance, but with 
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a limit; however, even brackish water will enable it to survive during a 
drought. During a drought the leaves dry and nuts no longer grow; these 
ewer With rain. Palms mark drougnts by narrowing orf the trunks during 
the dry period, ‘nen good conditions return the newer higher growth is 
@eeeuaed. Thus the continuity of trunk thickness may indicate the drought 
Piewery of a tree (Catala 1957). 

mae coconut valm has a radiatins, Highly developed root Syste, 
the roots being constantly renewed. Ground conditions must be well- 
drained; standing water is fatal. Deep sandy soil with fresh to brackish 
water is best for pelm growth (Catala 1957). On wet islands the palm 
waves On Sandy shores right up to the beach line. The palm, except for 
the small yureguano or fan palm, is a reliable indicetor of ground water 
at Jeast brackish in quality (Meinzer 1927 

Toe distribution of the breadfruit tree, even though 1t is not 
Hormery 2 phreatophyte, is closely related to salinity in the ground 
ewe it is mich less resistant to drought and salinity then the pain. 
The breadfruit tree does not appear to survive where tne ground weter hes 
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content higher than 20C - 400 ppn (parts per million) sea chloride 
(Wiens 1962). 
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nene and papava trees, and taro plants require even fresher 
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eemicewecer than Loe preadiruit tree. Tne uresence of these plants in- 
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Sleaze a ready suoply of cround water of very low salinity. 


Vegetation as a Source of wWeter 
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On oceanic islands can provide a safe and adequate substitute for water. 

The most suitable source of a palatable fluid is the coconut 
Peis Natives frequently use the liquid of the unripe (sreen) coconut 
memenioortent source of supplemental water. The liquid is sterile ana 
jt Ootained from very young nuts has anti-scoroutic value. The nuts con- 
tain from a pint to a quart of sweet, pleasant liquid which is cool if 
@eemrts have been hanging in the tree or stored in the shade. A drink- 
able Bay Sanenay @lce ve Obvained direculy from tae nelm ivselie 
@epecr from the flower stelk or the bole of the tree. A quart or more of 
geo daily may be obtained by cutting the end of the flower stalk and re- 
meemmemtne Cul every 12 hours. Tne flow of sap from the bole can be 

tarted by bruising a lower frond and pulling it down so that the tree 
feesepleed at the injurv; the sap will run down the trough-like frend 
and can be collected (Naval Institute 1959). 

Mine hollow stems of bamboo may frecuencly contein water. This can 
Pemeeeerruned by shaxing the stem; if waver is present, a cut just above 
Puemeornt will allow it to run out. 

‘The leaves of tne pineanvole-like Bromeliads, which are founda grow- 


Magsepove Tne ground on tne trunks of tropici! Brees, are good sources of 


aes crys a i ds Ve : een ras j Woe ee a eae ites 
mete 6c 1LCaves Of Uncse olencs Gre premier Sunnels forming reservoirs 
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Aga Cer IGS (OP Cleo OUlMor eee’ bones seonceitice, Sure 
vater sap which is slightly acid. ioc all vines conlain water, however; 
woaewie fluid from some 1S more pelatvable tna OlMerc,, Tre prowebure 
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elevated. Then the vine should be cut off close to the ground giving a 
Weaver tube six to seven feet long. When water stops dripping from the 
Hower end 2 new ont off the top of the tube will ceuse it to drain again 
(Naval Institute 1956). 

Sy many arid or semi-arid ishinuds the ileshy stems or Leaves on 
Saeculent plants, especially the cacti, can provide a liquid adequate for 
Ssurvivel. Tne fleshy material can be squeezed or mashed, and the liquid 
Streamed and drunk with safety. Apparently the Indians living on barren 
Gry fen Clemente Island off the coast of Southern California considered 
ines eas 2 primary water sudstitute during the dry summer months. The liq- 
uid was obtained by mashing the succulents (abundant "ice plant") in a 


bowl witn a small hole in the bottom through which the liquid drained. 


— 





SEA WA'TER-FRESH WATER RELATIONS IN THE GROUND 


The Ghyben-Nerzperg Theory 


neal! except the inmost impervious lendmoasses, rainfell will gn- 
filtrate and percolate downward to a degree dependent on tne vermeability 
Gmeene ecOloric material. At some pcint in its movement through an 
@eeemac island, the fresh water must encounter sea water. Tne contact 
envelope thus made normally constitutes a unique limiting boundary con- 
Gmon 10r fresh cround waver occurrence in the small island. Exceptions 
may be found in extremely pervious low-lying small sand islands and 
rock islands containing wide fractures or cavernous ovenings, but gener- 
elly the salt-fresh water boundary is well-defined physically within the 
Panemess. Even on a dense bedrock coast, the bay arcas are frequently 
Gede@seo OL pervious deltaic alluvium or beach sediment which foster sinm- 
ivar boundary conditions between fresh water and sea water. 

Records of many early futile attempts to obtain fresh ground water 
[ermee@ia ve! equifers end islands irtlic#ge thut the sea water-fresnigece- 
relationship was not at all unilerstood prior to the Twentieth Century. 


eemereccice Of drilling deenes for 2recn waver was frequently atten ated 
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emer ine coast such an endessie: can be successiul, but this is a relis- 
tively infrequent pnenonenon Gero 1925). in Sone BCOLOZL Cal FOr sons 
Smee ry high pemrecoiltit: the coinion was too eusiiy formed that fresh 
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te 
of Holland, first discovered that the depth of sea water was a function 
meeone height of the water Cable ubove mean sea level. in 1900, Eauratl 
Demzevere Of Berlin, drilling wells on the East Friesian Islands off the 
coast of Germany, found the seme relations, apparently without knowledre 


s 


of Ghyben's work. Hence, the oesic theory for the sen water-fresh water 


Pewavion is termed the Ghyben-‘erzbers tneor;. 


The Chyben~lerzberg theory is based on the principle that fresn 


mewer, veiling less dense than sea water, will tend to float on top of the 


oy 
memeever. nis is in fact essentially wiatl occurs. In @ small islend 
or narrow landmass of pervious material a well-defined lens of fresh water 


mameoend below the suriace of the ground @na on top of the Sea water as 


showm on Figure 8. 
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ground water above mean sea level. Assuming the specific gravity of 


fresh water to be ¢ and seq water ve be Pg; ety: 


H ea h ps and H og = (h + t) of 


ste . : t 
COMI ne weguao Lone, 1Vec h-= ao 


or 

ume Specific gravity Oo: sea water, pg , varics, bue averages about 
1.025. Tne specific gravity cf fresh water, o¢ , may he taken as Ll. 
Mevmeeenesc values it is found that h = 40%. Taus it is found that 
the lower boundary of fresh water is 4O feet below sez level for every 
foot above sea level the water table occurs. This relation has been well 
substantiated by field measurements (Brown 1925). 


Puemeunourh Lic basic veracity Of the Gnyben-herzoerg cheory as 
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Peeoeyvcli-Cemonstrated, it fails to take into account the influence of 
fies fas, in errect, assumed either static equilidbrium, or horizon- 
femeten, ine relation actually is not a’ svatic one, and cannot be, if 


ra) : ee) ve : Aetiee a =e ee ae: tn : aoe 
Peewee Va5ler 2ensS exists at ali; neither _s tm flow norizontal since 


ae 


botn tne upper and lower fresh weaver bouncaries converge to a seepage 
meoemermery., In & Strict sense then, the measurement of depth relation must 
be made at terminal points of an equipotentisl line, and not in a verti- 
cal line (Todd 1953). ‘This results in a vertical depth to the interface 
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Pewee acuually somewhat greater than that determined solely by the basic 
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tne difference remains small, bur 
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ineurred when the flow net is not considered (Todd 1959). The partial 
flow net eon on Figure 9 Tor a theorer;:ea) island composed Of 150m cm 
material serves to illustrate the differences between the depth to tne 


interface by the basic Ghyben-Herzberg theory ond that of the more 


eorrect application of dynamic equilibriun. 
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Figure 9. Concept of Jymnamic Equilibriun 


The Sea Water-Fresh later Boundary (Interface) 


Tne shape of the interface is concave witn respect to the fresn 
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orizonrval is given by 
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Mme boundaries CoOnverce, bUL accomodetcyene same flow ol water, 
Peweeecne velocity must increase, It then follows, since all other fac- 
Peewee sin constant, that the angles musty also increase resulting in 
the concave interface (Todd 1959). 

On Coasts composed of porous sand, the intSriace nas a well-defined 
Beepesupvard toward the Sea in’e curve -clesely eporcacii rs a sinusoid, 
PeeerwOy O- the fresh water is upward along this face. Tne more porous 
waeeecerical, the fletter the curve oeconss. In the areactured limestones 
Or tne Floriaa Keys and the very porous basalts of tne Huwalian Islands 
the fresh water lens is Co Veuy ER Nee elnOsi tia eee s ( Brown 1925). 
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ave COral, or limestone. Sea waver is in contacy with fresn water on 





16 
Weuecides and completely underlies the island at some depth. Inflow of 
[Meena water occurs only @s a result of rainfall percolation to the water 
Gaeae. For the simplified circuler island of Figure 11 an approximete 
Pemrcesy of equilibrium, based on the parameters oF rainfall, permeability 


end island size, can be determined by employment of the Darcy eouation 


end the basic Chyben-ilersberg theory (Todd 1959). 
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Figure ll. Detemaination of the Frésn Water Boundary 
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Pemating these equations, integrating and applying the boundary Ccondivions 


f= O wien r = R, then: 
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ois tne depvh) Of sea weve, Bee Punevion Of reintcli wecenawaer 
Memaniss size, and permeability. It is apparent that increasing the rain- 
Meemereciarcc increeses the depth of Fresh water, and thet increéasine the 
Memecapility decreases tae depth. Good water, in small quantities, may 
Peemeovained even on very small bedrock islands where tnere is a cover of 
mepv10us material permitting infiltration of rain water. Off the coast 
of New England (ennuol rainfall about 45 inches) such an island of an 
eeeeeor anout <50 feet in diameter, will usually supply sufficienv waver 
for the ordinary reauirements of a household (Brown 1925). The availobdle 
S2eoly Should increase in considerably greeter ratios for a larger islana 


Somers relative losses avout the perimeter become smaller. Islands com- 
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produce good water at their centers (Wiens 1952). 
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tidal fluctuation in the basal sround weter body 
Beeeomil}) oceanic island is anversol  prepertional te the dictance te 
the shoreline, end directly proportional to the permeability of the land- 


feo, the amount of dampening of tne tide observed in a well is roughly 
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meecive of the freshness or the water in the well. Arnow (195) found 
Momo Owing relavions in tae etoll istands of the Nortnern Nershall 
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Relatively impermeable beach rook serves 2s a barrier to the outflow of 
Meeen waver and inflow of sea water, whieh are particularly important 
Peacures eat tne thin sensative edre Of heewlens= heanmeseotr old beacd roc, 
Perea in the interiors of small corel islands may make similar echelons 
mepeeeriers enhineineg tne Geveioreent and maimcvedance of a fresh wat 
ieg@ee CCH a bolndery exfechlvel; recuces tidal fluctuation (ens 1962). 
Higher temperatures grcatly increase tne race or percolation, allow- 
M@@ecesid Wacer tO Se€Cp Gecycrd more aulcily. Prield tcsts snow that = 
Sieire Oo. temperature from on OO i wad Ovee Vie aly double the tani. 
iy Of WOLEY tO Dass throuch coil. This fact, combined with the effects 
Pee) Simier CYEDOTELION = VPE4Spsretl on, ena Unc gee: 
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i 
consequent reduction of lens size in the very small island Curing the 
: : & . 2 
Smerer veriod wnen the sea waver temperature may be 20 } hisher then 
in winter. Generally tne annual veriation of ground water temperature 
mee larger landmass is negligible below a dépth of 30 fect, and except 


» 


memmaiie MOSt pervious conditions, the practienl effect is insignificant. 
Meeeeccd difference in flow does exist, however, between tyvo landmasses 
Geeeniiar geolocical materiel, put different annual temperatures. 

Mneoretically tne anterface is a tow lime witht lion ceross 
Meeecwriace, However, in fact the interface consists of a relatively 
narrow mixing zone. This zone results from dispersion in the porous mate- 
ieee, fron fluctuation in the interface due to Pides vere Usawer rie. 
tuetion and molecular diffusion (Todd 1959). 


miererece Of molectilar Gilrusiom oetween TYresn gna Stamwoler Is Dros 
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Wemeroral to the concentraticr gradient. The initial contact has a hiegn 
diffusion rate wnich becomes smaller as the diffusion zone increases and 
Mrewconcentracvion gradient decreases. Because diffusion rates are smaller 
than usual ground water velocities et the interface, the diffusion zone 

is limited to a narrow band (Todd 1953). 


s 


fm erystalline rocks and in incuraved sedimentary rocks, wiere Une 
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ground water circulates through joints and open fractures, the zon 
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Contact between sea and fresh water is undouotedly more irreguler than 
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Peeves. Hub even here the nature of ths irtverface remains the same - 
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emer eGy water is almost. inlvgeicoly sucerinpesed upon tnt sce geecr with 


a definite Loundary (Brown 125). 
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In a homogeneous materiel the flow within the lens moves seaward, 
with the seepare line of outflow occurring at sea level. Beecuse of 
tidal fluctuation and wave action, the zone of seevage is freoucntly 2 
zone Of maximum diffusion of fresh water and sea water. However, the 
continuous outflow of fresh water through this zone constantly purges it, 
ea@oeat low tide the salinity of une outflow is minimal. If no conrining 
Meerroricel structures exisy, excens for a relatively smell quanvwicy 
Maou Lorough interface diffusion, all ground water will escape from the 


landmess at tne sea level seevage face 


Artesien Ground Weter 


Artesian water may occur where permeable meterial is overlain by 
an impervious bed dipping seavard at a slope sreater than the nydraulic 


gradient (Brown 1925). This condition is illustrated in Figure 12. 
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Sevier over the top above sea level, or en erge as a fresh weter submarine 
suring Be lGi the sea (Meinzer 1930). which action oceurs depends on the 
relative limits of elevation oi the confining bed above and below sea 


tae, ii the height of the top of the bed above see. level is greater 


LG 
than about 1/40 the depth of the bed, the fresh water will flow out 
Begeavn the sea. If the bed extends a great depth below the sea, over- 
micwewill occur above sea level. 

If the aquifer is confined between impermeable beds which dip sea-~ 
ward the same relation for outflow exists. This situation as shown on 


Figure 13 is very analogous to a real U tube in which one arm is the sea 


water and the other is the aquifer. 
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Fipure 13. Sea Water Wedge in Pervious Aquifer 
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emerges from the sea, a sea waver wedce will exist. If overflow occurs 


above sea level the interface in the vedere will be horizontal at a depin 
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second/foot of ocean front exists then the following approximate relation 
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described in Figure 14 holds (Todd 1959): 


a 
doz 1/2 (25m Kb 
Pr i 


/ IMPERVIOUS 
SEA WATER 





IMPERVIOUS 


Fisure 1+. The Length of the Sea Water Wedge 


This equation can also be aoplied to unconfined ecuifers by replac- 
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Mimo with the saturated thichness, ix tne flow is essentially norizon- 
walmeelests at the University of California have cemonstraved the validicy 


of this equation (Todd 1959). 


pea Water Contamination 


ame presence of sodiicn cnloride is botn the varamount feature of, 
pi@eprincivle human objection to, sea water. Since the chloride radical 


¢ 4 ite eee tans Sn Ee: : o mt: eee . t. aoe = i 
Heeso characteristic a consSvituent of sea water and can be determined very 
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@iekiy end accurately by simple chemical tests, it is usually usec as 
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momeces other than the sea. In some regions it may be leached from the 
hoes und be a normal constituent of the ground water. A small amount 
of chloride is invariably carried shoreward as wind-blown salt spray. 
Phe most important source of chloride in fresh ground water, other than 
sea water, is sewage. However, seldom does the aggregate of these sources 
add chloride in excess of 125 ppm. Normal sea water contains about 
20,000 ppm of the chloride radical. Hence, heavy concentratiors of chlo- 
ride are obvious in their source, but smaller indications of chloride 
Geserve closer analysis to determine more positively the source of the 
contomination (Brown 1925). 

The extreme upper Limit of chloride for drinking water is about 
1,000 pon, approximately 1/20 that of sea water. The U. S. Public Health 
service has adopted a safe upper linit of 250 ppm. It appears that at 
about 4CO ppm the salt taste of water becomes most noticeable and even 
without testing, humans discontinue its use for drinking purposes. 

The tolerance of vegetation to selt in water varies greatly fron 
meaose NO tolerance to complete tolerance in certain tideland growth. 
Under slightly saline conditions many plants will grow, but their quality 


- eo. +. : 
may be greatly impaired. 


Ground Water Exploitation and Sefe Yield 


oe 


Wmen 1 as Pound that a frésa water Caole> does exist in “a Tendneqs: 
Been though the water level be as little as & foot above mean sea level, 


it may be assumed that a considerable reservoir of fresh water lies within 


mieemeoiwnda, However, it must be recopnized thay this reservoir reyrecencs 


@ natural balance of hydrologic influences which is affected wnen an 





Sh 
eopeide influence is introduced. Accordingly, removal of ground water 
Causes the system to attempt to reach a new balance. 

Removal of ground weter at a rete faster than replenishment, or 
men at the expense of replenishment, results in a lowering of the water 
table, and a consequential raising of the interface at a ratio of about 
1 to 4O. The movement of the interface lags behind that of the water 
mao0le pe couse of the greater distence involved to reach the new equilib- 
mee hence this inevitable result may not be. recosnized immediately.§ 172 
is further apparent tnat a rapid concentrated withdraval of freeh water 
will cause a local effect more rapidly than a drawdown of the same quan- 
my wnich is distributed over the surface of the lens. The result of 
Sea joown 1S an intrusion of sea water within the len Plate VIII illus- 
Muetes the effects of drawdown by several diiferent methods utilizing 
Ghe Seme witndrawal rate. it is obvicus that a rapid concentrated draw- 
gown will auickly cestroy the usefulness of e@ well by the development of 
meeemverinatlins see water cone. The intrusicn cone will intersect tne 


cone of depression sooner if the withdrawal point is deeper. Hence, the 
parest method of withdrawal Oo: Presiwyever Tron “tne lens 15 tnet wazen 
Tomoves it uniformly at tne lens suriace. 

it the need for 2.7 ies Ste) Or, Prec er a5 smmediate, and 
iicr2.e importance is Ses ueur co uve 146 aro re Curren. nen. Ty i 
peaeroitation may be acvanogeg@eously undertsnen.  iOw2ver, once the see 
water has vermeated through une landmass, restoration of a salt free 
mm@nund COnaition may take years) dependent on tne occurrence of rainfall 
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ine water atl any piven level]. will remain more saline than before the 


fweeeusion occurred. The intrusion’ Of sea water is not nomally con-= 


©}? 


mdered a peretiea reversible process (Ohrt 1943). Hull deplction of 
the fresh water lens was necessarily effected to preat advantage in the 
Peerric islands during Worid War IT. Even in the Havalian islands this 
Mens SLOrare became an important fector in sustaining the vasvuly in- 
Greased water demands there because of the war activity. Under certain 
Ponditions, Full depletion of the lens may tbe necessary, but for convinuved 
ec, a minimum disturbance of the natural balance is the safest procedure. 
ioc Gllows both a reserve sftorace for concvingency and lessens the possi- 
Paeity Of sea water cone intrusion ev well sites. When the lens as re- 
duced, the "factor of safety’ is reduced, but a greater efficiency in 
the use of ground water may be accomplished because of a consequent re- 
@uction of seepage to the sea (Jacob 1957). th considerations must be 
evaluated in perspective with water demands and the size of the available 
fresn water lens. In any case the smooth configuration of the surface of 
the lens snould be maintained. 

The most successful fround water collection systems consist cither 
Of ficlds of low capacity shallow pumps (Riddel Ree Or NOrizoncval ine 
filtration cclleries at about sea level (Abplanalp 1945, Stearns and 
MacDonald 19:2). Wnere the geolosy allows economic construction of the 
letter Eype, 26 in permestiec pasait or jowsevoll aslands, this seaener- 
ally most effective. In deep unconsolidated material pumps are more gen- 
Spaltiy used. 


Tne sare yiela is fencrally delined as cnat amount of waver wiich 


Can be withdraw annually without producing an undesired result (Todd 1959) 
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Most frequently the limiting unlesired result in the small oceanic island 
He the contamination of the aquiter by sea weber. Consequently, if con- 
Ginuing use is to be made of a fround water supply which may be so con- 
teninated, a discreet approach must be made to determination of the safe 
mend. A state of overdraft can be disastrous, resulting in total loss 
Omecoe well or pumping system aouifer, 

A relieble value of the safe yield can only be ascertained after 
Peeeing experience has been gained; however, a reasonable initial esti- 
mactve Of punpins rate should be mede. The general basis for safe yield is 
Mineo tone withdrawal cannot exceed the net ground water recharge, usually 
computed on an annuel basis. However, it is apparent that withdrawal 
ieee nol take all the recharge, even if it could be skimmed evenly off 
foemeonc, in order that the lens be retained. Some recharge waver is 
Meee aocurlily wasted to the sea at the edze of the lens. Tne safe yield 
wound then appear to be something less then the net recharge. Theoreti- 
cease Le recharge mignt be determined from tne ennual precipitation, but 
Heme oclice, except for small well-defined recharfe areas, the evaluation 
Seeee modiitying parameters is extremely difficult. In addition, the 
meemoraa:] is seldom uniform over the recharge area, but is concentrated 


Bne SUTesb LIYsSe CSEi mete of Yield 16: 242 22eld wien sesnitsain 
a dravwcoim preferebly not less than about a nalr Toot above sea level, 


Enis eliminates the danger of a sea water cone intrusion into the pumping 


ene of denression. A pusitive value of ground water elevation based on 


~ 


a 


@oe desired greund water reservoir retention cen te selected, and obsery~ 


ations of yield versus ground vater fluctuation made. 
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In the development of ground water use for tne first time, it may 
be expected that several years will ve svequired for & new state of sequi iin 
fawn to ce reached even if the yield is maintained constant. 

Overdraft conditions may occur rapidly in the small landmass. If 
@verdraft occurs, the resultant contamination will exist for a long period, 
probably years. Hence, the effect of withdrawal of water should be closely 
Meeered until it is certain that a new safe stable equilibrium of the lens 


Meow pecn reecned. 
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FRESH WATER OCCURRENCE ON ISLAND TYPES 


The Basic Island Types 


ee 


~ is considered that the smalivocecnve 1s5iands may be catero, ae 
mameeye basic types. The division made is primarily bused on Slenificent 
hydroseological differences. Tne climate necessarily creates subtyoes 
mean each basic division. These subtypes will nov be discussed individ— 
moey, however, it is believed that the difference in hydrologic charac- 
Beristics because of climatic variation petween the models given and 


elimavic subtypes Wide. DG feliy ODV1ONS, Ine DTive Dbasie times oO; sical) 
oceanic islands are: 

i. low atoll islands 

2. raised atoll islands 

Be nigh dasolv volcanie 1sbecdcs 

4, high andesite volcanic islands 

5S. raised limestone-volcanic islands 


Mn er eo YT tiesanertar ret nmat nan tale. $0 “4 mT: oe “at | nya ry 
ee lek: *” po ey en LONE = s a Poe Le Bae Se Leal es apace s - a Se ee tes oth wor cee ase 3 a 


@emeosrce Form of the raised atoll, or limestone, island and a high 


ow + Pena irs ~ = oo * . i 2. sy = =e F — £ mi 
eee OL Canic islani. Txerefore in tae dis mission ~nien follows only 
w 
is 3 L 4 ~ * irae, att = 1 + pr mond . ro] 7 . 
eee Oe-2 fin otloll islands, the hign basalt volcanic islands, and the 


Memeoea Lirestone-volcanic islands will oe ssecifically described. 


Tre Low AcvoLL hea ee 


“Aree fale Nee piet= tee ye 
Pegeral CaaracvEe. 


Essentially, the low-lying cloll island is a pile of calcareous 
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sand and boulders heaped up on the reef platform, the top of the reef 
which characterizas the atoll. ‘The basic features of the island are 


shown on Figure 15. 
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Figure 15. Generalized Section of Atoll Island 


Commonly the island projects no more than u few tens of feet above 
Becelevel; however, tne acolian dunes of the sermudas are as much as 200 
Meeu nig. bxcept ror the Lermudas, the reef rock plaviorm on which most 
atoll islands lie may be considered to be at about the low tide level. 

In some cases the core of the island may be remnants of elevated (probably 
about 5-1/2 feet) reef rock from a higher sea level stand. Also as a 
ferietion, the island detritus may "spill" off the reef rock platform on 
#he lacoon side. Tne possinility of variations may be better understood 
Meee 1S remembercd tose Ccolozically tne islends are en cphomeral 
Great changes may be wrought by a single typhoon or tsunami. 

mne Waimea y NEO. O51 Cel Charactericuic ©: Ge A501). oleic 1s yice 
Extreme permeaghlivy. hven on beaten paths rainfall seldom trayrcls more 
wacom a rtew feet oefore scinkine into the cround. Genereslly tne ocean side 
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material and consequently is less pervious than the seaward side. On 
either beach relatively impervious beach rock may develop. 

The interior of the island is generally depressed in elevation fron 
the shoreline ridges of boulders and send. On sone islands, sections of 
the interior may contain a relatively impervious strate of phosphate rock. 
Because of its transitory nature, lines of old beach rock mey also be 
heane in tne interior. 

All atoll islands are in the tropics or subtropics; however, because 
M@eeone wide variance of rainfall between islands, they may be covered wits 


dense jungie-like growth or support only svarse grass. 


Natural Fresh Water Occurrence 


eereanms. On the etoll island there Tso running SUPEAC = wacen, 


except perhaps during typhoons. All rainfall reaching the ground rapidly 


infiltrates to become ground water. 


Sorinegs. Fresh water springs may ve founcG along toe beach oa tic 


meas 





Meee islands during low tide. These springs represent the outflow at 


the edge of the Ghyben-Herzberg lens. Other types of springs do not occur. 


baxes, laroons and ponds. standing bodies of water are infrequent 


ete ee 








but they do occur. The most common is the small pond or pool which may 
Horm in the interior of the islend wnere the land surface dips below the 
water table. Wilkes (105) reported that fresh water on Aratika Atoll in 


- ‘: P a ° 7 5 , 
the Tusmotus (rainfall about 60 inches ver year) was procured fren a large 


moo. sbvout 50 feet in diameter and of considerable depth. 
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Occasionally a lagoon may be sufficiently isolated from the sea to 
become what might loosely be termed a fresh water "lake." According to 
Wiens (1962) Washington Atoll in the Line Islands is said to contain a 
beautiful fresh weter "Lake" surrounded by luxuriant growth. 

Clipperton Islend, an almost atoit in tne eostern Pacificuspres 
on interesting example of a sea water lagoon becoming fresh. During the 
feeeeOO ycars the rim of the atoli has been altermately closed and 
Opened several times with the lagoon freshening with each closure and 
Beceming salty with each opening. The annual rainfall, estimated at over 


meeeanches, is apparently suificient to fresnen at least the upper layer 


a 


a 


of the two square mile legoon. In 1943 the lagoon was closed and the 
Mepetoce water was essentially fresn at @ toval salinity of 1200 pom. At 


a depth of about 60 feet of water in the lagoon becomes black and opaaue, 


cS 


Meee sll of hydrogen sulfide, a product of organic matter that died 


foe on 


ree) 


result of past violent changes in lagoon salinity (U. S. Navy 1959, 
Sachet 1952), 
Oi Coristmas Island in the Pacific sa ceculiar mrcroclimneveretiec: 


feemls trom tne fresh water-sea water density relationship. A small, 


C4 


meenov, Wesoon about vnree feet deep exists. the weter of the lasoon 

” 4 ~ ant : O 
Mts surface temperature of 35 a but a bottom temperature of 102 F. 
Pmewencinalous temperature structure is due to a fresh water blanket flicay= 
ing on top of a salt water lagoon which allows radiat ton to pass through 
the fresh water into the deeper layers. The salt waver is heated, but 
icttle heat is transfered out since the unper fresh weter layer is the 


sole beneficiary of normal cooling by evaporation. Tncre 1s no heat trans- 


fer through diffusion, end conduction in the still lagoon is inadequate 
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to distribute the temperature (Northrop 1962). 


SWErids and marshes. A conmon Teature found in the Interiors of 
atoll islands is the mangrove depression. This is a low swampy area | 
extending to or below the water teble. The bottom may be either mud or 
rock (U. S. Army 1956). 

A characteristic of many of the larger atoll islands is the presence 
of mersh. depressions of irregular shepe, and with mounds between or 
around them extending several feet above the surrounding ground level. 
These undoubtedly are ancient taro pits, dug to the fresh ground water 
long ago and now abandoned (U. A. Sermy 1956). 

In the interiors of some islands phosphate rock creates a hardpan 
immediately below the surface inpedins the downward movement of water. 


Local temporary marshy areas may te formed in such regions. 


Ground water. Certainly the ost important occurrence of fresh 
water on an atoll island is the ground water. If the rainfall, permeadil- 
ity and size of the island are in an adequate relationship a Ghyoden- 
Herzberg lens will develop. Cnaracteristicaily the lens will be asyn- 
metric, being thicker on the Jjageoon siic than On the more parvious sea- 
Warduside. On tne etoll island the water Geble is seldom more than a 
Mee@emor two above stu level; accoriinms to the Ghyben-Herzb 
meer o, fresn wacer then orobably extends no deener than 40 to 80 feet 
fete poine of hicshest water table. Yeids and lack of uniformity 
Mee permeapility of the Lendniusa mater.al may greatly disrupl the theoret- 
meet COniieuretion Of the lene. “Cn Ceowe Ace) in tee Gilberts (2a 
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feet has a good chance of producing a fairly continuous water supply to 
a native population (Wiens 1962). In islands of the Marshall Group where 
reinfall is greater than about 54 inches annually conditions are similar 
with @ permanent lens existing when the island is at least 0.1 square 
mile in area (Arnow 1951). 

The beach rock found on both ocean and lagoon shores is much less 
permeable than the uncemented sediments. Where there is beach rock at 
maemcnore, either at the surface or buried under Sand, a barricr snould 
be formed to the outflow of fresh water from the island. If the reef 
meecrorm is relatively: impermeable and tne beach rock extends to it, the 
effect becomes even more important, causing a high head, very little 
fee! effect, end low salinity. Beach rock relating to old shorelines 
Peesentyiy buried in the interior of an island may make similar berriers 
resulting in the separation of two or more independent fresn water bodies 
faevwe reer platform is impermeable. Such layers of beach rock might 
peor result in the perching of thin bodies of fresh weter above sea level 
cox 1651). 


Conscious use of ground water is made by the matives of many Paciiie 


Deeeeoly only wncre tne water hes movement, With no surface Streams che 
e t e e Fa o> 
Bee oers nave rey vne requirement by excavating pits some > to © Teet 
Pen vic sround surface to the water table. Tne tidal tTluctuation of the 
water table apparently induces sufficient movement of the water (Cox 
Cround@water ma 


be recovered from atoll islands vy dug wells, 
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Oieemenclis, or inpillration galleries. Oz these tne dugewell is’ the 
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Simplest and was the first to be developed in the atoll islands. Since 
jee well should not penetrate more than about a foot below the waver 
eee, the nole is normally not deep. Peer eveny Well anay (2 USCC mee 
then punps must be used and the danger of overdraft becomes great. 

The most effective pround water wathcraial in the atoll istend is 
Meee cns Of an infiltration gailery. An infiltration gallery consisvs 
fee tunnel, trench or permeable conduit paralleling and interseching cne 
peeer Cable. The floor or the water passaceway is graded so thav water 
Plows tO a central sump. The sump is lined so that water flows into it 
Gee from the passageway, nov Irom the water table directly. Une water 
mem 1S skimmed off over a wide area thus distributing drawdown. Trench- 
Mpeecan casily be done with a bulldozer or trenching machine and large 
G@eeeeucr pipe installed for easy cleaning. The system should be placed 


Wnere the lens is thickest (U. S. Army 1956). 


Rain water catchment. Especially on the drier atoll islands, but 
Gageven che wettest islands, rain waler catchment constitutes an important 
Megerssubpdly. Rain water is generally preferszble to sround water for 
eeaneint. 


ie ene Simplesc native’ practice, Une COConw., Dolmn orvene pemean is 


Meeomias bcen tne common rein catch. In the cotonuc palm a considerable 
Meee. any intercepted rain is deflected to the wrunk or bole by the 


Lev Bok a) ie 
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Che numerous fronds. To gather this weter, an in- 
Clined groove is scored around the lower part of a leaning tree; then the 
weer flow runnines com tne bole drops into a convenient receptacle, 
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a single palm can yield sufficient fresh water for a native fonily during 
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most of the year on the wetter islands (Piper 1915). 

The more common practice today is to catch the runoff fron rocis, 
conveyins the water into cisterns. The roof of a small (500 square feet) 
buitding will provide about 300° gellons-of fresh water for every inch of 
rainfall, Airfields make excellent catchment surfaces and, if coupled 
with large enough storage facilities, can provide an adequate water supply 
for a large group of personnel. Water storage requirements must be 
Gevelopec utilizing mass diagram techniques with probable rainfall and 


. 
usSaze data. 


aypical Low Atoll Island: Lae, Marshall Islands 


The following information is from U. S. Army (1956). 


Lae Island, one of numerous atoll islands in the Marsnall Group, 


,O 


O 
fees at & 


56' North and 166°16' East. Lee is shaped roughly like a long 


Pieanete with a maximum width of 2,500 feet end an area of O.3 Square miles 
(Plate IX). Tne island lies on the east side of a small, almost circular 
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Ooigs, week variable or southeasterly winds may occur from June Wo Sepr= 
fees, Storms are likely to come vom tne south. Typnoons ere rarc, 
but do occur. Rainfall is estimated at 86 inches per year. Most of the 
Mean falls in moderate to heavy showers Oo: snort duration during late 
eummier and early cell. 

Typically, Lae has boulder ridees and boulder fields on its sea- 
Mord Side, while the remainder of the island is of finer matezilal. The 


Meeeicct point of the island is 15 fTeev above sea Level along the ooulder 


ii 


mmeres; the rest of tne islend is between 5 and 10 feet in cle garion, 


a 


Lae Islend disnvlays a permanent well-developed Ghyben-Herzberg lens. 
Meee eshest rround water appears to exist in the central part of che 
Memega, The relation of chloride content to distance trom shore follows 
Mmeencis vent pettezrn, with the lowest enloride contence at tne greatest 
distance to shore. The highest water table ooserved in a well was 1.42 
feeeecepOve mean sea level et a distance of 1,035 feet from snore. Cnloride 
eemwent in this wall was only 10 ppm and tidal fluctuation was 0.2 reet. 
The chloride content in a well just 60 fcet from the beach rock lined 
ie90n Snore was only 200 ppm, well within safe limits Tor wse. 

As on all ovher innabdited atoll islands the coconut palm and dvell- 
BimeerOOiS serve as catcnnents, augaenting the domestic ground =mcter supply 


a me a. a] 
emer one wells. 





Tne High Basala Volcanic Islands 
Generel lature 


Basalt volcanic islends occur principally in the mid-ocean refions, 
They include such island grouvs as the Hawaiian Islands, the Samoa Is- 
mardc, toc Society Islands, the Galapagos Islands and the Truk islands of 
mee Pecific Ocean, and the islands of the iiid-Aclantic Ridse such as 
Pueeciclena and Ascension. Generally these islands are the cmergent rea— 
tures of greav broad velcanic piles lying on tne deep ocean floor, The 
Buoecrial features were, 1n moSt cases, those of shield volcanoes such as 
are found in the Hawaiian Islands, having side slopes usually not greater 
than 10°, 

Mhe initial form of the emerged Volcanic 1sleide1 Ss modi. ede ore 
freay extent by erosion, movement, and subsequent volcanic activity. 
Occasionally post volcanic submergence may cause many smaller islands to 
ve formed from the original volcanic island, as it has in the Truk Islands 
mecmitie Haywaiian Islands. Conversely, itl is possible for islands which 
have been formed as independent volcanic islands to be uplifted to the 
extent that they become a single island joined together at their bases; 
this epparently is the origin of Albemerle [sland in the Galapagos which 
meenoOw a Single island, but with five VOLC@A LC ile m recions and five dis- 
tinct species of giant tortoises (Chubb 1933). 

The distinction of wnetner tne present subeesrial features yers 


; T; A 2 aon ~7 ot + a " YY x © = 5 4. a ‘ 
pee Nelly laid Gown as supmarine denosits or subaerial devosits can be 


very Significant from a hydrologicel viewpoint. Submarine volcanoes are 





LOO 
chiefly explosive, and the pyroclastic rocks from them are poorly sorted 
and commonly laid down with ashy shales ond other sediments of Low per-~ 
Meapility. iLava flows that pour oul ocneath the sea are usually pillow 
meas Or breccias that would normally be hipaly permeabie, but the gueer 
G@uantitiecs of steam associated with such volcanoes impregnate these rock 
and seal up most of the openings with secondary minerals (Stearns 1942). 
In the main, tne basally volennreeweiz ids a cen ue Oo, mee sec 

meovess succession or relatively thin tlows of volcanic lova, with some 
Moeeend intiusive bodies, and only mincr amounts o1 Sedimencary deposits. 
Tne permeability of the volcanic mass as a whole is very freat and in a 
moo with the cavernous limesvone Of a kaist reeion.  rrobably the great- 
Meee reason ror this vermeability 1s whe extensive joiiuins woich occurs 
fem coie lava cools rapidly. The cooled lava is also extremely brittle, 
Meer Goart av the slightest jar. The flows=of mose oceanic island 
mereanoes have been small and therefore cooled rapidly building landmasses 
Bumereat vermeability. These landmasses nave tne following general nyaro- 
ieelea! characteristics; 

i. Replied edsompelon and Steere soe Clave 

C34 Small ane aT lashy tuner. 
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4, Large suoply of sround water 
Se NOry torand.g leu waver toc. 
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between beds of various materi 
holes. 

Some imperneable materials 
Oeecir woich modify and control the 


land. 


er 


evo; 


alluvial and marine deposits 


lave tubes, pas vesicles, and trec=no1d 


and macerigls of relative impermeapi aa, 


peneral permeabie nature of the is- 


These materials include Sumi eco tenseneleCssOt seca hare ee 


, beds of compact ash, igneous dikes 


mieecills, and perhaps the dense lower parts of lava flows whiecn cooled 


more slowly (Meinzer 1930). 
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Figure. 16, 


Generalized Section of Eas 


alte VOL_GCANITe .iS lena 


The following is a brief description of important geologic materials 


found on the basalt volcanic island (illustrated on Figure 16) and their 


Dee eelO-ic characteristics. 
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mee resuriaces termed pahoence, 
Serfaces termed aa. Foth ere very 


DirGo, Sills, blurs. 


OS er ee eee 
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«hich form in the primary flows. 


them are practically impermeable. 


OD Tale ~- ~~: 
Mac Gorn 
EOS0107 1 lLOwo nes 


y be either a smooth flow with billowy 
OF aa Onwe a Chee im ery eerw i ioled 
PevncavLe. 

are the chief shallow intrusive bodies 


Ail nave Low permeevriaty and most so, 
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Subaqueous lava flows. The lava which pours into bodies of water 
memes properties which distinguish iv irom cubascria! flows. ) Frito 
(ea, vbali-like masses of basalt one foot or more in diameter with glass 
meee, tLYpifies such basalts. As indicated previously the inversvices oF 
such flows mey be largely filled with secondary minerals making it rela- 


tively impermeable; on the other hand water may pass freely through such 


pee posit. 


Asn. Ash may vary in size from very fine to coarse and generally 
covers terrain features in a uniform layer. Weathered ash and consolida- 
ted ash (tuff) is especially impermeable. Tne primary ash deposit will 


be permeable to a degree depending on the grain size. 


mreccia, Volcanic breccia is the coarse preaquca ot cavastroun re 
Explosions, @ pyroclastic deposit. Sreccia may be consolidated into a 
compact impermeable mass or remain with large open voids, transmitting 
feecr Ireely. In some cases fault breccias aid water movement, but well- 
cemented gouses (from rock powder) occur in sov~> faults impounding water 


as dense dikes do (Stezsrns 1940). 


BluVvViuny. The alluvium. on tropical telesales wots 3s rien 
Peuecnd is partly or completcly weathered |) Eiscg Vesti On percano. 


meee in anfrecucnt eaees alluvium may be relatively vermeanie. 


Beach and dune deposits. Unccensolidated derosits axe very verme- 
aw tn 


- cr rt on ~ ps Gey te, ee OO Wye, ent CaO) = mr, -.7. 4 7 
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ee eee) 
rneable (e.g. beach rock). 
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Telus fans, Talus fans at the base of escarpments and bluffs are 
composed largely of coarse but unassorted frasments. These deposits are 
moderately to highly permeable throush wnich considerable water mey move 
and be availuble in springs and wells. 

The surface features of an island are shaped by erosive forces and 
ere stece volcanic activity to a great extent covering and cutting through 
the primary volcanic deposits. Great amphitheater-headed valleys are 
Hormmed and ceep valleys are filled in. A fine example of extreme inver- 
Sion of topography occurs on Tol in tne Truk Islands. There basalt flows 
Saeee unconformably the older fractures lavas and dikes, filling valleys 
that had been eroded 1000 to 2000 feet deep at the time of eruption. On 
Tol the original valley walls have now eroded away leaving the newer Lava 
flow as a flat-topped ridge 

The climates and vegetation of the high volcanic islands are tremen- 
Gedely varied, The primary significant characteristic of all, however, is 
@eeeereinzall and greenness of vegetation increase with elevation. Even 
Bete reiovively dry is 
meeewre Only 3 to 4} inches of rain: 
elevation of 2céu feet rece_ve an estimated 42 inches per year. In the 
ons receiv- 


femmes ian Islands the extreme is reacned with ceruain hish regi 


Meee tmost 500 inches of rainfall annually. 1 some instances, as on 


t wf. 


A . - nr + ; ‘ Las 4 - % Bray a as a ies ses 4- em, ay a “ 
Pere cr On Foland et the 2eOU-fcot level, tno remeud’s climatic characte: 
2 Ta) ” at 


Beemees auoruptly from a dry, sparsely vecetlacved region to damp, cool, frecn 
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Natural Vater Oceurrence 
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streams. Permeability, torcessony, Neainess of the water tae 
the surface, and intensity dee ee Pat al Oeste el ie ee 


Bieerencing runofs. On weny seech. ~asaltie cones On islands tr Us 


Pacitic there is no surface drains, * even though the rainfall me rege 


~ 


200 inches annually or even 2) incites Im a single day. All such tereal. 
are relatively flat underlain by reiatively fresh basaltic lavas or 3:: .- 
ieeweend by low water tobles (Stcams 19h2). 

[it is nol vunusvuel Gos streiss On bacallic terrains tomeaiy prom 
water for long distances, then abruptly to lose water, and finally after 
towns for a distance, re sain waber again. This action is due to hills 


~ = en 


anc Vaileys in the impernccole basement rock or strata. 

pLreams on basalbi> islands ta the tropics old enough to have ce-.i- 
SeeaeoOid and drainarce chunnels are Tlasny and intermittent because of 
iemmesoeep pradients ani the hirh permeability of the rocks. Secnare 


E@eeeo are excremely vevaubie pecause the stream 


eeeeences, be on freua Sr weatnercd lava, or on reratively imperie™ 


een. 
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and give rise to an effluent water table (Stearns 19k2). 


oprings. Fresh water Springs anc ad irequent occurrence slomaval- 
ley walls and cliffs exposing beds of material of varying degrees of per- 
meability. Very commonly springs issue where permeaole lava overlies im- 
Mervious soil or asn leyers. beach springs at about sea level occur as 
@eresult of the fresh waver cutflow from a Ghyben-Herzberg lens. 

Royesian waver Mayeoccur in basaltic terrain @s 2 Tecul one ec 
Heispeowing conditions; 

1. in counterbalance with sea water in undisturced Javegeds 
with an upper confining bed of impermeable sedimentary 


rocks, but without a lower restraining member, 


e. confined within lava beds interstratified with impermeable 
layers and supsequently warped; 


3. confined in unvarped lava beds laid down betreen imperme- 
gble beds with 2 Cio Sulit Clem lO. calsevatlesianNep eegure. 


Hie OCeavesu AU@w arvectan Dasiltyin Daciil is eimOont eval. 


Puere relacively impervious sedimentary rocks and a submerjjcda soil blan- 


PiGwenene SUrINGS in Une walers Of wet vesalv islands 2vcuen inter 
Seem OnCIO7e1a. in soct cases they represent the outllow at the lower 
Pgewerean 2rvesian confinement system. In tne tlarquesas Islends it is 


Gard (nat a native can ootain fresh water from offshore springs by plung- 


+ (‘~ ; 4. 4.% > 734 . NS pe, om Vy 57 a . Rw + ; 
ing into the sea with half a coconut festened to his breast (Britannica 
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cerbonated, ferruginous, saline, or sulphureous. Efflorescences of sul- 
phur ond elum ere found near tne outflow of some hot springs which may 

O-, ee ; 
meee with a temperature near cle F. It is interesting to note that the 
Violence end general nature of the springs are greetly affected by changes 


@eeerrospneric pressure, the agitation being much greater during times 


of low barometric pressure (Walker 1036). 


Ieees., Crater lanes are un occasional occurrence on tne higa 
aealt islands, being Tound on Easter Island, Aunuu of the Samoa Islands, 
Pemeriguel of the Azores Islands, and Tristan of the Tristen da Cunha 
Tsiands. The rather spectacular beauty of many of these high lakes caus- 
es their appearance to be noteworthy. Unfortunately many are too in- 
@eeeeoiple to be considered a ready water supply. The development of a 
@eever Jaxe depends both on a wet crater summit and an impervious plug 
mmerescrater, usually of a dense lava flow such as trach;yte. 

On the coastal piain of dry iliihau in the Hawalian Islends numer- 


’ 


Seemolaya lakes ere found. During a wel year the water in these lakes 
Memeeeeod, OUL during normal years the iaces Bre t;pical, playa lakes aad 


BS -eapevaporate leaving seits benind. All of the lanes are only a few 


. : i, 
feet above sea level (Stearns 1947). 


.e a * tA . * 7. “y =i 5 oe 
damps and marshes. Fresh water swauos end mirshes are common elong 


Pieminer ede Of coastal flats surroundin? nigh wet islands such as the 
Were ialands (U. S. Army 1959). te WOlC 2nUSer ke (36 1016 Condition Gece s 


both becense of surface drainarse: flowing into the low arees, and the up- 


Le peg ; 4. f : eat See eee erates oeae een Saat og ores 
merd ond oucverd movement of basal rround waiter al cue edre or the Jan.- 
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Hiph level svamps or marshy@mireas may develop on impervious flet 
mea ONS of heavy velnial Oreo ce, a lial plavesu Or vies 
Waui of the Hawaiian Islands, is essentially a cold swamp and bor. The 
rainfall here is 248 inches annually and the region is high (4,500 feet) 
but poorly drained, being underlain by dense trachyte (Stearns and 


focDonald 192). 


Ground water. The name of “pasal" ground water has been applied 
tO all fresn water floating on sea water in perneable rocks below the 
Per Lavoie of oceanic islands to distinguish it from perched bodies of 
ground water (lieinzer 1930). In the basalts, at least in regions near 
[vemcoaseS, tne classical Gnyben-Herzberg Lens may develop if the island 


Mmewiricientliy wet. The basal. ground water table is very flat and lies 


ry 


Seer ecea Level on most of the basalt islands. Tais fact is in contrast 
to the general island topograpny which has great relief. Tne ground 
meer erises very Slowly inland, so that a mile or so inland the water in 
fees ay be only a foot or two above sea level. Accordingiy the depth 
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Meemeecva.tOn. inis severely limits the utilization of basal ground water 
Peer Oe Yelleys ard aloas lov ecastel rersion. Davyeloornant of th 


Cea round wacer is most efiiciencly acccaplished by infiltration tun- 


a 


Mele, Une 2anous liaul wells, utilizing @ skimming process so that loca 
Seewecs1 is minimized. 

Percned ground water may be found above beds of fine grained vol- 
SAG, Ui Orsvuricd soils, TAidee relecively immervicus pers Se: 
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mad follow the irregulerities of the pre-existing surfaces. These 
mMenv.Les then were covered by more pervious lava flows. The percolating 
ground water descends to the impervious mantle and follows the pre- 
meicting veler courses ds a suo0surface flow, However, 10 must be rec- 
Ofnized that the impervious mantle may be broken or cut through, allow- 
meee tne fround water vO escape to a lower level. 

Recovery 01 SUC@Mepcrcnce Proud yweuer 1S accO7vpla cued Dy cuned. 
M@ecoine! throtigh the upper part of Che impervious ash or soil layer 
Meee a CONvOUr Of its Upper surface. ‘nis then will intercept, the ander= 
macend ilowing, down the slope. he roof of the tunnel must be formed of 
Bhe permeable Overlying Teva, “sO thagy any water perce lai naeove® leeccl 
bed ray find its way into the tunnel (Meinzer 1930). 

Voleanic dikes and sills may perch and dam large quantities of 
fee waver. in some cases, complex dike and sill sysvems may iorm 
wemerevely tight open-topped comucrtments ideal for tne collection of 


eetad viter., Syscems or intersecting Gaines ere required to hold water, 


eee C DOLtOm of the compartment must consist of a relatively impervious 
Peete. Such as a dense volcanic sill. Such compartments may be drained 


eee, of indiscriminately tanned, but if controlled can provide an 
Pee Pent coOllecs_on - natural sLorarse system, 

JEVeNed Wecer ere; 7Ound it Che “ai xe-si) 1) 
complexes, and only smaller supplies are commonly available perched on 


Meas O. YOlCanie asn, ancient soil, or alluviun 
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Hypical Basalt Volcanic Island - Molokai, Hewailan Islands 


The following summation is basically from Stearns and MacDonald 
(1047). Exceptions are noted otherwise. 

The island of Molokai is the fifth largest of the Hawaiian Islands 
rith an area of 260 square miles. As shown on Plate X, Molokai consists 
mieecwo Drincipal parts, each a major volcanic mountain, East Molokai is 
@emounvain built largely of thin basalt flows, with a thin cap of ande= 
sites and some trachyte, and rises to 4,970 feet altitude. Stream ero- 
sion has cut large amphitheater-headed valleys into the northern coast of 
Fast Molokai, exposing dikes and a caldera complex. West Molokai was 
built up by unusually fluid flows of basaltic lava and has a maximum ele- 
‘vation of only 1,300 feet. 

Both volcanic mountains were built upward from the sea floor vrob- 
peemouring Tertiary time. Following the close of volcanic activicy 
stream erosion cut great canyons on East Molokai, but accomplished much 
Jess erosion on drier West Molokai. ‘Marine erosion attacked both varts 
Samene island producing nigh sea-clififs on the windward coast. In late 
iemeeary OF G€arly Pleistocene time the islend was Submerged to a level at 
Least 560 meeuecoOve DFeSeny, Snore line une merc er fed.,  Lovevechonces 
of sea level, probably partly resulting from Pleistocene glaciation and 
deglaciation, ranged from 300 fect below to 100 feet or more above pre- 
Sent sea level. Marine deposits on the southern slone extend to en alti- 
tude of at least 200 Fee. rIUpULOnS Of Daselt- Oui. 4 sme la aweoic 


at tne foot of the northern cliff, forming Kelavpava Peninsula, the site 
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of the famous leper colony; in addition a late submarine eruption built. 
a small tuff cone off the eastern end of Moloxai. Lastly, deposition 
bieiiorine and Tluviel Sediments mas built a series of narrow {flats close 
forces level along che soucnern cozst. Coral reefs fringe the south 
Gees, but Tew occur on the north shore. 

The climate of Molokei is semitropical. The island lies in the 
belt of steady northeasterly trade winds. Occasional kone (southerly) 
meds occur in the fall and winter months. A cloud cap commonly forms 
@yer the high portion Or Best Molokai. ‘Tne southern, or leeward slopes 
ope largely sheltered: from tne trade winds, end are markedly drier and 
sunnier than the windward slopes. 

Rainfall reaches a maximum of 150 inches annually on the sumnit of 
Past Molokai. The maximum rainfall on Low west Molokai is only 30 inches 
ennually. Except for the wet northern coast of Nast Molokai, the coastal 
Pemiall averases about 20 inches per year. On the leeward coast more 
rain may fall during a single kona storm than during ell the rest of 
Giemeecar. Generally the swamer montns are the dricst ,@averasing only 


abouts one-third the monthly reinfall of other months. 


Pemiene 2cal forest srowthn. Alonz the imneciave coastal zone is found a 
omic Of narrow bright ereen luxuriant prowod] Then on the majority of 


P@e COose were cliff line 1s not encountered, is a barren zone of lava 


Doulders and a very dry climate. Upward from this and over the low west 


$9 


end of the island are srasslands. As elevations increase on the eastern 
part of the island the grassy land gradually beco:znes more syempy, giving 


way to forest av about 2,500 feet. Tne upper regions are very vet and 
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heavily forested. Going north from the south coast upland on Fast Molokai 
the growth is dense, and one may find himself unexpectedly and abruptly 
on the edge of the 3000 foot high pali (Lindgren 1903). 

Tne only perennial streams which reach the sea are those of the 
Jarge valleys on the windward side of East Molokai. The permanence of 
Ghese streams on the northern slope results largely from the numerous 
high-level springs which issue from the dike complex exposed by erosion 
aot Bre ie valleys. CtUher perennial streams on the southeastern slope. 
are fed Jargely py seepage from high-level swamps. Other streams reach 
the sea only at times of exceptionally high water, during, and immediately 
following heavy rains. All of the streams are flashy because of the 
steepness and high permeability of the terrain, and the intermittent 
character of the heavy rainfall. No perennial streams exist on West 
Molokai. Some oe Of Eastetiolokas: aregperennial in theme upper 
eourses wnile flowing over the poorly permeable cap of andesite lava, but 
Heeome intermittent in their lower courses over the permeable basalts. 

One shallow lake is perched on the andesite cao on East Molokai at 


about 2000 feet elevation. Extensive fresh water swamps cover large 


cs 
by 


fees Oz: tne andesite cap a0ove the 2000 feel Jevel in the uplands on 
meso t.Olo:ai. 
pasal ground water underlies the encire island with the exception 


* ye 


Oe Piste ZOnCS VNeremeroundmyaeet 1S cOntined at.aaeh altivudesgaa, dixes 
end 15 provabl; not in counterpoise with see waver. ne Gnyoen=Herzbers 
Jens on West Molokai is“brackisn because of the low rainfall. Beneath 


OoCne. osteo uel tune Toland, NOvwever, Une Decal Veer Of "the fensris 
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Large numbers Of Dasa) "Gorm see o-ue cons Tie Snoresvct sac 
Molokai; all emerge close to sea level. Submarine fresh water springs 
also are frequently apparent to Swimmers because the eseaping ground 
water has a lower temnerature than tne shallow near shore sea water. 

One spring, discharging into an ancient Hawalian coestal fishpond is said 
to have a flow of 20,000 to 30,000 gallons per day and a chloride con- 
Pot Oo: 115 pom.) Slbmarine Springs Ofv2s michees 2 half nillion gallons 
per day are reported. 

Perched ground water is found on layers of dense lava flows, cde- 
Bee osed aa, Clinker, sObl, enc 2S. duysereas UNG as lavercesre 
Penerally suificiently permeable to allow the small amount of water 
reaching them to vass on through, and descend to the basal. water body. 

In wet areas permeability is insufficient to allow all the water to be 
transmitted and some of the weter consequently runs orf along the top 
Oretne bed in the direction of tne Steepest slope. im some cases springs 
@actic from andesite lying on poorly permeable ean veds; in other cases 


mae sever 1ssues Drom relavively permeable alluvium rescuing Gaga) deus 


OQ 


ied O. andesite. 
On East Molokai the dike complexes are sufficiently developed to 


meet oéoo-leves ground waver, Occasionally tne dceltom of tie dixed 


Bees? be held wo by See. ywacer Contre vols, UNG Ore Common io. 
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“ne Raised Lamestone-~Volcanic Islands 


General Nature 


The raised limestone-volcanic island type is the result of 
several different and sometimes complicated geological events. Basic- 
ally the examples known are the results of one of two gencralized se- 
GWMeEnCEeS , 
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Preure 1/. Ceneralizea Secvion of Raised Limestone-Voleanic dstandy Cease F 


1. As in the case of Antigua (Fizure 17) of the West Indies, 
the island may nave been an aloll island whicn was tilted 
exposilie tie VOlcanic Dasemen. rock above sea Level, end 


Piet auback dklbveeroced UO 1us Gas uine stave srvesenuia. 
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2. or, as in the case in the Southern Marianas, (Figure 13) 
the island may nave been an “almost atoll” which was then 
uplifted revecline ere elimes lone ree: rockiana lacoon 
deposits as broad flanking aprons on the original volcanic 
is landed 

Actually in both the aoove cases the sequ@nce of events is much 
conplicated by folding, faulting, tevesvea erosion cycles, end alvernace 
submergence and emergence, but the basic pavtcern of most composite is- 
lands can be placed in one of these two categories. 

JIESOL CNG 1S)Gnes Ol this tyme POW ero LOUNnd am 2s land vere 
meoups. Accordingly whe Vyolcenics are orci pally andesi tic. 

The raised limestone-volcanic island presents the charcteristics 
of the raised limestone island such as the "Limestone Caribbees’ of the 
Lesser Antilles and the Tonga Islands of the Pacific, and the character- 
istics of the numerous hish andesitic islands of the island arcs. The 
main hydrogeologic characteristic whicn is found in the composite island 
eiGewiich LS not agmajor feavnure of the Limestone or hich andesitic is= 
land separately is the peculiarity of the limestone-volcanic contact. 
Therefore the discussion presented in this subsection will deal specific- 
mig, with Garced times vOne-VOLcaniG tS.ands) Dulin so doing walt pr05 
vide the characteristics of the raised limestone island type and of the 


hien andesite volcanic islan: 
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Andesitic terrain of the island ere lenisesses is generall: mich 
mess, permeable: tian: pme Dasa, Lic terrain oO: s1a-coce27 1slonds 7. 1616415 
MOrOekUS Une Moo GisulIneuishiin: Leacvure 0: Cndesluic islands as comarca 
to basaltic islands. The lack of permeability in the andesite lava flows 
48 
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gunes, etc. are similar 

The possibility of secondary permeability in some brittle volcanic 
deposits must not be overlooked. The sequence of development of the 
raised limestone-volcanic island implies considerable movement end prob- 
able faulting end folding. In the south end (the volcanic region) of 
Guem the poorly sorted coarse aggtomerates that normally wovld not be 

ermeable carry significant water in tne fissures produced by warping 
fsceerns 1942). 

In the consideration of andesitic islends@alone, thesunique nature 
pemeae ~round SULLace Of hig latitude tetaqas. sucn as tee a veulians. 
merits comment. Much of the surface of the Aleutian Islands has a mantle 
Ox relatively impermeable ash overlying dense, but fractured, bedrock. 
Tne vegetation is a thick mat of almost constantly water-soaked tundra. 
ine top few inches of soil are a thorough blending of roots, decayed 
matter and ash, greatly encouraging downward percolation of water. Very 
iptv eG GroOSion occurs and stréams run clear, even in che unconsolidared 
Bea verrain. ouch conditions favor slow, Duc continous formation of 
ground water (Crandall 1953). 

Most of tne andesite volcanic islands and the raised limestone- 
Pceance 2Slands are hich -enouren to induce prec 0s 4207100 edequave tor 
good crowen of vesetation. The raised limestone-volcanie islands ere 
tropical or subtropical producing dense jungle and thick savanne. The 
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perCvence oO. Yerveue 710 On JineseonS 240d volece¢ Cer oim presence a 


o 


marxed contrast on the raised Tee uene trol cane island providing ready 
VG indications Of Ghe wunderlvins rock Uype (Cloud 1951). On Guan 


the limestone regions are covered with thick jungle, put the volcanic 
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terrain contains principally a heavy growch of sword grass. 

Tne limestone terrain is remarxaoly permeable on most oceanic is- 
fands. A complete lack Of Slurface draimige as typical, in the older 

eeeons, Kars. Cchavacteriguics Ov Gilmer co nd pinnacle Tremients fay ve 

found. Caves at many different levels representing different water tables 
Mmm resulc O: sea levelve@ianres orem covci, 

Permeability of the limestone terrain may be primary in the up- 
Hated Semi-consolideted inner lagoon Geposits end secondary im the nev- 
work Of & joinc-Lfracture pettern produced by diastropnic forces. ~The 
solupility of the limestone permits a modification by circulating water 
Sumepermoeaullity of both Kinds. Theretore in a limestone region) une per- 
Meaor lity, undergoing progressive development, ordinarily increases with 


ace. 


Natural Water Occurrence (Andesite Volcanic Terrain) 


Streams. Because of the general impermeable nature of the andesitic 
Mies, most rainfell not vazen up by vegetacion or evaporated, enters the 


sea by surface drainage. Drainace patterns are usually well-developed in 


C) 


mle volcanic recions. “Hany of tne Streams may oecin where sorings emerge 


o> 


mom toe contact o: overivine Limestone as is found on Guan (Cloud 1951). 


Sid Che Voleanics aren iireqcciu, Cul may Occur 
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mere DCUCeG Guvaue (0. Vervin. Derieal lity cxisc. Mmere frequently une 
Springs result as a result of the impermeable volefnies being overlaid by 


very Dermieoole limestone, 
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Lakes. Tne imperviousness of tae volcanie terrain provides the 


Spporvunicy for walervipne: O25 ins sou eae NeceScary gaviea) deprece on. 


seldom oceur. l4cn-rmade lakes have been successful however. 
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OTanDS and Marches. in Une =mvemorseso, “vel volcan: ¢ 1s laide wen 





Beolormic structural barriers occur Warchisinpede mormal stream [lowes Iie 
meen surface runorl maintains svarny areas along many of the ctrecnc: 
Peas OF marches also commonly occur in ene contact rezions waere Goris 
emerre from overlying limestone. Brackisa marsn may be Pound 2b tne low 


Meedloands or e:nbayed valleys. 


Ground water. In general little ground water is found in the 
Bective YOlCanic rocus, however some oropaoly occurs im nigaly diggqured 
meetc. “ells drilled in the volcanics of Guam were cry even velo ex- 


pected basal water level (Adplanalp 1945). The most promising water 


mBeerine Strate in the volcanic terrain are the detrital eccumulavions in 


as - a ae e ° ~ “« ry? » * 
meme OOrs Of Bliuyiaved yalieys. ‘Where such valleys are Cmbayed, ber- 
Mmmewe: (Ore Chit Lee Ses. A DOruie. Gaybens =rebere 2ens 7s) iene. oD. 


Peacn re;ions elong wet volcanic coasts may also develop @ vartial lens 
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Nctureal vleter Gcourrence (Limestone Terrain) 
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Springs. Copious springs emerge at about ses level from caves and 
along beach lines at the seaward edges or limestone terrain. In addition, 
previously mentioned, svrings are frequent at the contact of the 


mimescvone With underlying volcanic Toc 


Lakes, ponds and lasoons. Except where sinkholes are floored with 


mapervious alluvium, no surface water ponds o7 Limestone terrain. 


owanos and marshes. Swamps and marshes are not found in limestone 
meeions. in some limestvone-volcanic islands, syvampiand occurs @here 


highly eroded limestone remnants are found, but it epvears that the lime- 


seone is floored by dense volcanic rock at a snort depth. 


Ground waver. Almost ell the rainfall reacning the surface of tne 
Jimestone terrain rapidly sinks into the rock to recharge the basal ground 
water body. Consequently a well-developed Ghyben-Herzberg lens may norm- 
ally be found within the raised limestone island or Limestone portion of 
the raised linestone-volcanic island. The surface of the lens will gener- 
ally be quite flat because of the low gradient possible in the very per- 


meaple Limestone. 
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MECIISe Ol many @eoloOgie varlations in the limeccene, 10 will not. . barge 
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1.20 
the availability of fresh ground water at various points in the lens. 
Caves may cross the fresh-water sea-water interface carrying hignly saline 
water into the fresh water lens at that location, while a short distance 
away at the seme depth tne ground water mey be fresh. 

As in the basalt volcanic 1Slande. Nor: zoical iniiivragwon Cunnels 
meauee tne yisk of Seriously disturging Gne equilibrium of the lens. In- 
MeloracvaOn callories Of Gis Sore ain taeslimecvone is landeeverin ion 
meant near the veach, DUG ebove the water cable, driving miventrence noz- 
fel to tne shore down fo waver taole, timen Striking out alone vic waver 
male Surface with & peizser aniiltracion eunnels 90° apart (Cloud 1951). 

pacterial contamingticen Of fround waver is commonly ae in dine- 
stone areas of numan occupancy. Freauently this is a more serious con- 
WominacLOn tnan sca water intrusion. Tne surface watcr basses to tie 


Mmesal ¢round water lens so rapidly thec little necural filtration and 


mositicetion is accomplished. 


Typical Raised Limestone-Volcanic Island - Guan, Mariana Islands 


Guam 1S nc Wargest end most soutne.  gormecdo Mariana (sitenas, 5 


}+e 
oO 


Cevte=ed at 13 2(° orth latitude and )es 36 = velouertuce on the 


@ eter Tiargin of tne Asiacic shely and et wueevectern Cdee of the Peciric 
Basin (see Firure 3). Guan is elonsated northeas outhwest, and shanped 


Bevior Jihe a peanut Wwicn a narrow sie1ct in 15. ecicer.» Io has 2 movie 
s * / Cy » 
Wemeen Of 3l-tmiles and venses in widen tom 4231/2 to 6 miles. \its totel 
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GUAM, MARIANA ISLAN 


PIPER (1946] 
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Tze 
Guam is basically a limestone veneered peak on a nearly submerged 
voleanic ridge. Tne island is sharply divided just below the waist into 
georunern limestone platveauveund neereerar fieier yolcanie iil lgs ve... 
wemci. A limestone wedge-lixe Gounod aioe Oo Une lireato.e or vic 


| 


Menchern plateau, overlies tae lower portions Of “Gaewsculierm yolcenie 


¥ 


imwels. The volcanics YlSing COG. Vide vie ares. Collis Dereon ene 
metend are capped by whet are probably tne oldest post-volcenic limes lones 
Gece island. 

Tne northern limestone vlaveau 1s essenpially Plat with a Wasamum 
elevation of 67h feet above sea level. The highest of the southern hills, 
Mount Lemlan rises to 1334 feet. The flat surface of the northern plateau 
moemircerrupted by the occurrence Of tyvo hills of volcanic origin. 

Guam receives @n averese o; 90 inches emi all annually witha 
mame Secson in late Summer and carly Tali. ine montnly rainfall has 
ranged from 44.5 inches in October of 192 to less than an inch during 
merens of February, March, April and May. From January to March the nortnh- 
peau trade winds blow steady, from Avril tnrcvea June winds are variable 


Guy easterly, in lete summer the winds swing to tne southeast. 


i erdant Grown covers most Of (ne eee Youn indigenous end 


eesorted flora crow profusely. Coconul plameceronsc, sbandoied since the 
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Ancient terraces exicu andiegeng 2t beast ten difrerecit siand-co) 


a level. The heavily eroded reel remnants on the oenaches 2 


end end eastern side of the island indicate recent emergence 


atm 


ol the srexwe= 


tence. oY contrast drivstone Peatumerme: wsealocul les Qid Stara Leow. ne 


found in caves submerged below sea level et the northern end 


foad. These reabures Can gern Onl avevesre aie vel, heice 


level rise or downward movement of the Jandrass is indicated. 


Of CiG tse 


2 recent sea 


mame Lound that neve fley Dleoors at 2 Verve!) five fect: 2bove sea evel, 


Deoimed strean-cuy valleys @uercounen in soveeern Giana. [U0 1s oovions 


wat men, chanses of sea level have occurred on Guam. 


Important develonpmentamin Uhesrcomegme hiscuory of Guan 


have been 2s follows (Stearns 1940): 
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Whereas the southern half of Guam displays a well-developed sur- 
Pace drainage, including: sevetel Lome percent. al Guneans, cuctace Time: «= 
maryviriually non-existent On the noruneraelimestone plateaus ixccpr 
where depressions sre floored and plugged with relatively impervious soil 
Meposits or evaporite film, most Of chemeeiniall Ssinpiy dleappesrs tiroug: 
the vertical solution Cannes, Cave erGiieses in ene Penner lity, pemaiens 
body of tne limestone itself. Mumerous sinknoles, typical or karst ter- 
rain exist (Cloud 1951). 

Watn respect to thesdcvelopment Of ywealer Slupplics me vege cic 
Maceriols of Guam can be grouped into™MUnree categories =- alluvium and 
beach deposits, limestoncemema voleanre= rocks. 

mie alluvium, Oesetceam-Dorne GeeOsitc,e 1s disposed cat eiinaan 
tongues which floor the lower reaches of the larger streams and in small 
ebcues ae vue mOULNS Ol chose streams. ics tnickness 15 unanoumouc 1o- 
Gauiy Tiay be aS much e@s several tens of feet. The elluvium consists of 
imeose Sond, Silt, and gravel wnich in seneral are not well-serted.” The 
beds of coarse material are moderately to hignly permeable, but the silt 
eds Woicnm maxe up 4a considerable part of Une deposit are or low permeabil-— 
Pees tne averaze permoape lity OF tne deposits Ao "2 waele is fenereally 
Waieer iich Of Cie oliuwiun 1S saturaced wihuge geo vweee:, Dut Wells yicld- 


Geyeeeerons a minute are noe finely to be obvaeineblie ex- 


uy 


iipeenore “CMan 
Se UMC SC The alluvyiun 1S Ustclly course 2nd ace (Piper 108, 

TQGNOeEacn GCeposSits CONnSISU Gale. 01 leose calcareous sand and 
erry, derived from Tne trig Gere woot. Alonso ie SOucT ws ein shot 
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Gerony Mavcerial and ere only moderavem eo ormenple. Where Deccan dae 
Stone clifis the, are free Of earthy macerrel end hiphis, oermeabplos 


s 


Wease locally the beach Haverial pro soy Lcids DeLop Seu) Jee. cidecon 
tains the outer feather edge of the fresh water lens which underlies the 
northern limestone plateau. The beach deposits prosably nold a sub- 
stuntial aggregate amount of fresh water (Piper 1915). 

Emery (1952) found through measurements of temnerature, salinity 
and Ca 8 Saturation that considerable ines weaver passes Tiroucn the 
beach regions from the inland lens of fresh water. He states that; ‘Much 
Peecne waver that escapes airom tie beac? does SG in rilis, “small scricu. 
channels that are eroded headwvard in the sand, Sacto in the parts 
©f tne beach vhat are exposed only below midtide. Rills are common on 
most beaches, but where fresh water contributes to normal beach runoff, 
foie riiis are especially wide and deep. Velocitics of .71 feet per sec= 
ond occur (on Guem beaches) winnowing out fine sand, leaving a concentrate 


if 


of coarse grains and pebbles on the floor of the rill." Emery (1952) 
aiso reports that beach rock is rare on Guam. 

TaReUrchiout WHemlolanene al! the Litesvememsecms to be av leas, 
meoeravely permeable, bovhn because it is largely only moderately coherant 
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plereed ty initimerabie solution cnaiinels, The 
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rubble and because it 
Pein waver percolaves rapidly co.nward, forming a very considerable, put 
ur reper, basal Pmegn waver lens under Caemlimeszone plaveau or the north 


ii Une supsrimvosed limesvone of the southern vyoltanic nills, +t 
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runs to the contact surface and then along it emerging as copious springs 
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feet above mean low-Low tide (Cloud 1951). 

Piver (1946) points out that while Maui-type wells may be suecess- 
feel on Gita, as the lenge @2 tie taptnatrod chambers incredac se une 
mec Of nencdiate cea water Conlaniialrren adoring Conc vruction 1Ncreeces. 
@his is due to the fact that the limestone of Guam is traversed by numer- 
onc solution channels waten LUunclioiwioeerolm Weler Arcew es. Sere are 
large and impose virtually no resistance to the movement or water. Some 
such channels undoubtedly extend to the coast and contain highly saline 
meee: cceply Cmbaying ne Eres water “ems. Excreme cere Shouwldsue 
eoaren tO monitor tie incoming fresh waver during the boring of an infil- 
mreevion gallery to avoid Opening up inue a sea waver channel. 

Nearly ever jmere GnesvOlCanicurme@ neewe Tan lCd Dy UrOvii1 ei aed. 
momuest, clayey SOlL Which 1° ce@maonly at lege sevencieect deep, gas 
meecrwliciai mantle combined with the bemeticial effect of heavy verse ewes. 
Heo 2 Hien capacity to retain moiscure, but small capacity to Unansmt 
Berer, ill the underlying unweathered yvolcanie rocks are compacc and 
impermeable excent for openings afforded by joints and partings between 
beds. Thus the overall. permeability and capacity or the volcanics to 
meeld eround water ace both very small. 

The impervious nature of the volcanics fives rise to hien surface 
mO.d Ceveloping Geep valley syctemsy, MENcce Tcicures mike suptace 
SeOvace (0/ das Yeas bic. “A-larece Pande (eect weve: iece elim a7 
Car tUnii li dim-in the SOutmertalGlcanie “ig ererr nrovidesean Anporvan. 
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water supply to the liaval Base ecomnlex of Giem. 





CONCLUSION 


While the svecific selells Gre resin er LOCae YON ols cle yon 
os 3 J 
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geoelity On a psrvicular oceanic a5bandeean Never Ne ascer Vinee witaoa. 
#epenGive On-site survey and evaluctuwon es aoseicvers Lo certain basic 
questions can provide a reasonable uncerstanding of the generalized 
meavolorical situation. In the event Gn=site investigation 1s nou fea] 
mie, cven pencralized knowicdye may UVermmvaiiable; in Otner Ceses ger. 
eralized knowledge may serve the imeediate purvose. In ms ases the 
meneiiacys of geogzraphie Tocavion, size, and Neient Oo: the island may 
ise sutficient to enable preliminary evaluation of tne probability of 
Pmeewocctirrence Of fresh water on an oceanic asiand. 


S Certainly no GUDSTILILe fon veal experience. ouLmulcecule 
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Phere 
mevee wricven Knowledse provided. by Ovners assuredly reves a vcccend-vecu. 
mms, tO persons interested, but inexperienced in the consideration of the 
seereerence OF fresh waver on the Oceanic island, the generalized princes oie. 
herein described honefully will oe worthwhile basic background. 
Subsequent related studies of value might include the following 
e@encral suojects; 


mnie Oecurrence of Fresh Water on the mall Continentel mie@rine 
Island 


palencine the HydroloricyCyveleron the tera La arine Isiend 


The Effect of Beach Rock and Suosurface Tidal Zone Barriers 
On tmercnyven-Nerzpere lems 1ol oranl or ine Tslands 


The Nature of Fresn Ground ‘tilater on the Closed Atoll Island 
(e.g. Clipperton Islend) 
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